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ABSTRACT 
Additive manufacturing (AM) technology has revolutionized the production of 
structural parts for many industries. AM methods enable freedom in design of a part and 
furthermore, make it easier to fabricate a part with tailored microstructure to yield desired 
mechanical properties. Despite many other benefits, anisotropy in the material properties of 3D 
printed parts remains of primary concern. Anisotropy is introduced into parts during the printing 
process. This calls for the need to investigate the material behaviour of printed parts at different 
scales to enable the effective design and analysis of models for 3D printing. The present work 
therefore focuses on addressing the material behaviour of 3D printed parts via fused filament 
fabrication (FFF), a material extrusion AM process. Four aspects of the problem are accordingly 
examined. First, the material behaviour of printed parts with different materials is assessed by 
conducting mechanical testing. Second, the mechanical behaviour of printed parts is 
characterized using laminate mechanics. Furthermore, the microstructure of printed parts is 
characterized, and its influence on the final properties is investigated. Third, computational 
micromechanical models are employed to estimate the final material properties of printed parts 
based on the underlying mesostructure. Finally, the computational models are employed to 
perform damage analysis of printed parts.  
The research work revealed that the final material behavior of printed parts was 
governed by their mesostructure, which was produced during 3D printing process. The behavior 
of printed parts resembled that of traditional laminates and therefore, the laminate mechanics 
can be employed in preliminary design and analysis. Computational models predicted accurate 
final properties of parts by considering their mesostructure, and also their nonlinear behavior 
under loads. The computational damage model that employed bulk material properties provided 
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ideal material behavior and the other damage model that used results of unidirectional laminates 
provided actual material behavior of printed parts. In summary, this work presents a process–
structure–property relationship for 3D printed parts, and also outlines the mechanics of the 
material to characterize the mechanical behaviour of the printed parts. Finally, computational 
models are developed for the effective design and analysis of models for 3D printing.  
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Chapter 1 Introduction and Justification 
1.1 Additive manufacturing 
Additive manufacturing (AM) is a fabrication process used to build three-dimensional 
(3D) parts through the layer-by-layer deposition of material. AM technologies, commonly 
referred to as 3D printing, can manufacture a complex 3D part through a 3D computer-aided 
design (CAD) model that instructs the 3D printing machine how to “print,” or deposit, a given 
material. AM technologies can be broadly categorized as follows [ASTM F2792]: binder 
jetting, directed energy deposition, material extrusion, material jetting, powder bed fusion, 
sheet lamination, and vat photopolymerization. These advanced fabrication techniques 
manufacture parts in the same way, but the differences between them lie in the source of heat 
(laser, thermal, electron beam, plasma arc), the manner of dispensing material (build chamber 
characteristics), the number of printing axes, and the state of the material (liquid, powder, or 
filament wire) [1]. 
The fabrication process used in AM technologies is contrary to conventional machining 
processes, whereby material is cut away — or subtracted — to obtain the final product. The 
primary advantage of AM technology is the ability to make 3D parts with complex geometry 
in less time and with less effort than that required in conventional machining processes. Other 
benefits of AM technology include rapid prototyping, minimal or no material wastage, no extra 
tooling, efficient design of materials, and the capability of tailoring functionally graded 
materials. Furthermore, emerging AM technologies make it far easier to design a material to 
tailor the properties of the final 3D printed part. These processes allow the design of the 
microstructure of a material to yield a part with the desired mechanical properties. Design of 
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the microstructure, and hence formation of the fabricated part, is achieved through systematic 
deposition of a material layer upon layer.  
The many benefits of AM technologies have led to its increasing popularity in recent 
years [2], especially in the fields of mechanical, aerospace, and biomedical engineering [3]. 
AM processes will be responsible for nothing short of a major transformation in how materials 
and components are designed and fabricated in the near future. However, despite the 
considerable benefits of fabricating components using AM technologies, several challenges 
remain. For one, the material properties of the final 3D printed part differ from those of the 
initial material [4]. As a result, anisotropy is introduced as a factor influencing the properties 
of the final 3D printed part. Furthermore, AM is a material-dependent process, meaning that a 
particular AM technique can only use certain materials. For instance, vat photopolymerization 
(i.e., stereolithography) can only produce 3D parts using photopolymers. Limited build volume 
is another concern, meaning that 3D printers can print small parts only. Other fundamental 
challenges associated with 3D printing are the limits on production size, quality of the prints, 
accuracy of the printers, and the high cost of the materials and the printers [5]. 
More recently, in response to some the aforementioned challenges, a material extrusion 
AM process known as fused filament fabrication (FFF) has risen in popularity. 3D printed parts 
using FFF are less expensive and possess greater durability and robustness. This has led to FFF 
3D printers and the materials they use are gaining a greater share of the market than any other 
AM process. The increasingly widespread use of FFF in the 3D printing of functional parts for 
industrial applications requires that special attention be paid to enhancing the reliability of these 
parts. Therefore, parts printed via the FFF process are considered in this work for investigating 
theirs structure–property relationship. Furthermore, the use of polymer composite materials to 
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3D printed parts for industry has increased dramatically because of the many benefits associated 
with composite materials. Therefore, the development as well as the printing of composite 
materials via FFF is an emergent research trend in this field [6–10]. Additionally, the FFF 
process enables the fabrication of sandwich core shapes with different infill patterns, enabling 
the user to design different infill patterns to obtain printed parts with the desired properties [11]. 
In addition, different 3D preforms for composites can be designed by varying the parameters 
of the printing process to obtain the desired mechanical properties [12]. Next-generation 
functional composite parts also can be fabricated using this printing method [13]. Further details 
of the printing process and the behavior of printed parts with this method are discussed in the 
following section. 
1.2 Fused Filament Fabrication 
FFF is a material extrusion AM process for printing 3D parts. In this process, a plastic 
filament is melted in a liquefier, and molten material is then extruded through a nozzle (Figure 
1.1). Systematic movement of the nozzle deposits the molten material on the build platform 
(i.e., bed) layer by layer, leading the material to solidify and diffuse with the previously 
deposited material. The molten material deposited by the nozzle solidifies on the bed, which 
resembles a fiber and is also referred to as a “road.” 
The mechanical properties of printed parts are governed by their mesostructure, which 
is created during the fabrication of the part. The parameters of the printing process, namely 
layer thickness (t), deposition orientation (raster angle: θ°), and gap between adjacent fibers, 
are the main factors influencing the mechanical properties of the fabricated part. The standard 
printing practice for producing solid volume parts is shown in Figure 1.1b; such printed parts 
resemble laminate structures.  
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Figure 1.1. 3D printing of a part via fused filament fabrication (FFF): (a) FFF process, (b) 
material deposition strategy, and (c) 3D printed part. 
 
FFF process can also accommodate the composite materials for fabricating composite 
parts. Traditionally, parts with composite materials have been fabricated either via injection 
moulding or vacuum bag molding. Injection molding can process short fibers or chopped 
reinforced polymeric materials for producing composite parts, while vacuum bag molding is 
mainly used for producing laminated composite parts with continuous fibers. Reinforcements 
orient randomly in the composite parts produced via injection molding, resulting in 
unpredictable anisotropic material behaviour. On the other hand, the composite laminate parts 
produced via vacuum bag molding require manual skill to lay up the laminae. Further, it is 
difficult to fabricate the intricate features of parts using laminae. A recent study [14] on 
different fabrication methods for composite parts concluded that AM technology is the most 
flexible method for fabricating composite parts. The AM process is superior because it requires 
(a) (b) 
(c) 
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no tooling or special skills, production is rapid, and the design of parts is efficient, with no 
limitations on the geometric complexity of the final printed part. 
Now let us consider how parts are fabricated via FFF. The layers of the printed parts 
created via FFF contain not only extruded thermoplastic material — which consists of 
continuous thermoplastic fibers — but also other reinforcements such as carbon fibers (short or 
continuous fiber) embedded in the extruded thermoplastic fibers. Hence, a printed part made of 
polymer composite filament behaves like a laminated composite part. In the remainder of this 
thesis, the continuous extruded thermoplastic fibers of the printed parts are referred to as 
“extruded fibers” or simply “fibers,” and any other reinforcement material (short or continuous 
carbon fiber) is referred to as “reinforcements.” Occasionally, the 3D printed parts are also 
referred to as “printed laminates.”  
The behaviour of the composite laminate is the result of the orientation of the extruded 
fibers; the extruded fibers also have other reinforcements. The orientation of reinforcements, 
such as short carbon fibers, in the extruded fibers aligns with the printing direction of the layers 
of the part [15–17]. The printing technique basically combines two traditional fabrication 
methods for composite parts: injection molding and the vacuum bag method for laminates. The 
fabrication process for the three methods is shown in Figure 1.2. The layer-by-layer fabrication 
of a part via FFF and the orientation of the extruded composite fibers of the layers of the part 
are shown in Figure 1.2c. The layers of the printed part are each only one fiber thick, whereas 
traditional laminae consist of more than one continuous reinforcement across their thickness. 
Furthermore, the orientation of the reinforcements in the printed composite laminate part is 
known and aligned with the fiber direction of the layers of the part, which is not the case for 
injection-molded composite parts. The orientation of the reinforcements influences the 
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mechanical behaviour of the printed parts and must be considered while estimating the material 
properties of the printed parts. By combining two traditional fabrication methods, the FFF 
process confers composite laminate mechanical behaviour to printed parts made of composite 
material. 
 
 
 
 
 
 
(a) (b) (c) 
Figure 1.2. Fabrication of a composite part via (a) injection molding, (b) vacuum bag 
molding, and (c) fused filament fabrication.  
1.3 Technological Gap and Justification of the Study 
An important concern related to the FFF process is the variation in the material 
properties of the printed parts. Specifically, the material properties of the final printed part differ 
from those of the material used in the manufacturing of the part [18]. As a result, anisotropy is 
introduced during the deposition of the material. Anisotropy arises because of a change in the 
mesostructure of the part while it is being printed. Moreover, there is limited understanding of 
the process–structure–property relationship. This knowledge gap calls for the material 
behaviour of the final printed parts to be investigated at different scales — from the meso to 
the macro level. Therefore, characterization of the material behaviour of the printed parts needs 
further exploration. Additionally, this thesis characterizes the fundamental mechanical 
behaviour of the printed parts when they are subjected to mechanical loads. Finally, 
computational models are developed to enable the effective design and analysis of parts for 3D 
printing.  
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1.4 Research Objectives 
The overall goal of this thesis is to characterize the mechanical behaviour of 3D printed 
parts via FFF as well as to develop computational models that can be used to analyze the 3D 
printed parts. The specific objectives are as follows: 
i. Investigate the material behaviour of 3D printed parts. 
Material behaviour of 3D printed parts can be investigated by conducting mechanical 
testing. Two different materials, isotropic and composite, are used for printing the test 
coupons. Furthermore, printed coupons with different layer thicknesses and raster 
angles are used during mechanical testing.  
ii. Characterize the mechanical behaviour of 3D printed parts. 
Constitutive material behaviour of 3D printed parts can be estimated from experimental 
results using laminate mechanics. Laminate theory is then employed to characterize the 
mechanical behaviour of the printed parts. Also, laminate failure criterion is used for 
failure analysis of the printed parts. 
iii. Characterize the mesostructure of 3D printed parts and its influence on the final 
properties. 
3D parts printed with isotropic material as well as composite material are considered in 
order to quantifying mesostructural features. An optical microscope is used to quantify 
the mesostructural features of 3D parts printed with isotropic material; the features 
assessed include the size and shape of the extruded fibers. 3D parts printed with 
composite material are evaluated in a morphology study using a micro-CT scanner. 
Microstructural features such as volume percentage of reinforcements and size and 
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shape of reinforcements are quantified in addition to size and shape of the extruded 
fibers. 
iv. Develop computational models for linear material modeling of 3D printed parts. 
Computational models can be developed to mitigate the problems associated with 
experimental work. The numerical homogenization technique is employed in linear 
material modeling. To develop this numerical model, a representative volume of 
material from the mesostructure of the 3D printed parts is considered.  
v. Develop computational models for damage modeling of 3D printed parts. 
Computational models can be extended to perform damage analysis of 3D printed parts. 
Continuum damage mechanics are employed in damage modeling of the material of the 
3D printed parts.  
1.5 Layout of the Thesis 
The thesis consists of eight chapters. Chapter 1 introduces the topic and the main 
objectives of the thesis. Chapter 2 presents a detailed literature review of different aspects of 
3D printed parts. Next, chapter 3 discusses the material behaviour of the printed parts based 
on the results of mechanical testing on printed test coupons. In chapter 4, the mechanical 
behaviour of 3D printed parts is characterized using laminate mechanics. Chapter 5 presents 
the microstructure of 3D parts made of composite materials and characterized using a micro-
CT scanner. Then, chapter 6 addresses the computational model for linear material modeling 
of 3D printed parts, followed by a discussion in chapter 7 of computational models for damage 
modeling of 3D printed parts. Finally, chapter 8 presents a summary of this work. Appendix 
A contains a detailed list of the computational models used to investigate the influence of build 
orientation on the material behaviour of 3D printed parts. 
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Chapter 2 Literature Review 
Fused filament fabrication (FFF), an AM material extrusion method, is evolving rapidly 
in terms of process, applications, and materials [19–21]. A major focus of the FFF technique is 
printing next-generation multifunctional parts using responsive materials [22]. Such materials 
have broad industrial application and have been used in electronic devices [23], biomedical 
devices [24], biomaterials [25], and biomimetic structures [26]. Sensor parts used for 
monitoring structural health can also be fabricated via FFF [27–29]. Furthermore, the FFF 
process allows the tailoring of a material’s microstructure. In recent studies [6,12], this printing 
method was used to develop composite materials with different multidirectional preforms. AM 
techniques can be used to develop and fabricate biological composites [30–32] as well as to 
design and fabricate biomaterial for prostheses [33,34].  
The AM material extrusion method has thus far been limited to using only 
thermoplastics in manufacturing 3D printed parts because of the lower melting temperature; 
however, the properties of thermoplastics are inferior compared with those of metals. 
Consequently, a new extrusion AM process [35] was recently developed for printing metal 
parts. However, the FFF process can only accommodate the fabrication of smaller parts, 
meaning that the build volume is limited. 3D printing of larger structural parts [36] — through 
the deposition of larger beads — results in the formation of voids and improper fusion between 
the layers of the printed parts. Researchers have investigated the fabrication of polymer 
composite parts via AM techniques and the resulting issues in the 3D printed parts, such as 
homogeneity of the material, porosity, fiber alignment, and interlayer bonding [37]. It was 
found that modeling and simulation work for predicting the performance of the printed 
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composite parts is limited, and further exploration in that direction is needed. The following 
literature review emphasizes four aspects of 3D printed parts: the influence of process 
parameters on the final mechanical properties of the printed parts; the materials used for 3D 
printing and their effect on the final mechanical properties of 3D printed part; the 
characterization of the material behaviour of 3D printed parts; and finally, the material failure 
behaviour of 3D printed parts.  
2.1 Influence of printing parameters on the performance of 3D printed 
parts  
The quality of 3D printed parts depends on the process parameters used for printing 
[38]. The right printing strategy and optimal process parameters improve the mechanical 
properties of the final part. In addition, the filling strategy influences the mechanical behaviour 
of the parts. Researchers [39–51] have investigated the effect of various process parameters, 
such as raster angle, layer thickness, infill pattern and density, printing speed, air gap, and 
temperature, on the mechanical properties of the final fabricated part. It was revealed that the 
properties of the parts are significantly influenced by raster angle and layer thickness. 
Furthermore, several recent studies have examined the dependence of the mechanical properties 
of printed parts on raster angle for different load cases [52–55]. The aforementioned studies 
were limited to tensile testing of 3D printed parts.  Fracture mechanical tests [56] revealed that 
the final properties are influenced by bonding strength between adjacent roads as well as 
between adjacent layers. Bond formation among the roads is driven by the thermal energy of 
the extruded material [57,58]. Bonding between the layers as well as between adjacent fibers 
governs the performance of the printed part [59], and the strength of bonding can also be 
affected by process parameters [60]. However, interlaminar bonding strength can be improved 
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by thermal annealing [61]. Surface quality of the printed parts can be improved by vapor 
smoothing [62]. The strength and stiffness of printed parts can also be improved by using an 
optimization algorithm to select the optimal process parameters [63]. These experimental works 
reveal that the mechanical behaviour of 3D printed parts is anisotropic and governed by process 
parameters. 
Experimental studies reveal that build orientation and raster angle have a significant 
impact on the properties of 3D printed parts [64,65]. Parts can be 3D printed in any orientation, 
and users choose the build orientation of a model for printing while generating the G-code. 
Investigations [66–68] on the influence of building strategy on the quality of printed parts have 
revealed that it has a pronounced effect on the properties and ultimately performance of printed 
parts. Orthotropic material behaviour was assessed by conducting experiments on parts that 
were built in different orientations [69,70]. Build time for printing and surface quality also 
depend on the build orientation of the parts [71,72]. In summary, variation in build strategy of 
a model affects the mechanical behaviour of a printed part, resulting in the part having an 
anisotropic nature. Computational studies [73–75] of the material behaviour of printed parts are 
limited and thus further exploration using multiscale models is required. 
Mesostructure plays an important role in determining the mechanical behaviour of a 
part. 3D printing a part via layer-by-layer deposition of material creates a new mesostructure in 
3D printed parts [76]. The mesostructure of parts printed via FFF is in turn governed by process 
parameters such as raster angle, layer thickness, air gap between the adjacent roads, and infill 
pattern and density. The presence of voids in the mesostructure of the part negatively affect the 
mechanical properties of the part [77]. The properties of the part can be improved by 
minimizing the presence of these voids and improving the quality of bonding between the 
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fibers. The presence of voids in the printed parts can also be minimized by adding thermally 
expandable microspheres into the base material used to fabricate the parts [78]. Experimental 
investigations [79] of the influence of mesostructure on the mechanical properties of printed 
parts has revealed that the overlap between the adjacent roads provides better mechanical 
properties by improving bonding strength between the roads and minimizing void density. 
Microstructural features, such as void shape, void density, shape and size of the fiber, and 
bonding between the fibers, are also governed by process parameters. In turn, these process 
parameters govern the properties and thus the mechanical behaviour of printed parts. These 
experimental observations confirm that, even though the virgin material is isotropic, printed 
parts fabricated via FFF develop anisotropic behaviour in their mechanical properties, mainly 
due to the process parameters selected [80].  
Extensive efforts have been made to understand the relationship between process 
parameters and the mechanical properties of printed parts. Anisotropy in the mechanical 
behaviour of printed parts is due to alteration in the mesostructure of the parts by the process 
parameters as well as the choice of building strategy. Building strategies are also able to 
improve the mechanical properties of printed parts. Estimation of the final properties of a 
material is important to ensure effective analysis of printed parts. Experimental work has sought 
to determine the elastic moduli of the material of the printed part [39,69], but such work is 
tedious and time consuming. An alternative approach to determining the elastic moduli of 
printed parts is by employing computational or analytical methods. The numerical 
homogenization method and strength of material approach to finding the elastic moduli of a 
material have been discussed in [81]. A novel approach to finding the elastic moduli of printed 
parts by considering the mesostructure for homogenization at a macro scale using Green’s 
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function was discussed in [82]. Material behaviour of printed cellular structures can be 
investigated using representative volume element models [83].  
2.2 Materials for 3D printing  
The materials used in the fabrication of 3D printed parts influence the final properties 
of the parts. AM techniques can only process certain types of materials; the materials available 
for AM and their applications are addressed in [84–86]. Thermoplastics are the filament 
materials commonly used for printing parts via FFF, and the different applications of these 
materials and printing process are discussed in [87,88]. The material properties of printed parts 
can be improved by employing composite filament materials during fabrication. Composite 
filaments are made of thermoplastic material containing other particulates such as carbon fiber 
and metal. Composite materials for 3D printing have already been developed by researchers 
[89–95] and are widely used in industry. Furthermore, such composite materials provide better 
thermal, mechanical, and electrical properties [96–101] compared with parts made using pure 
thermoplastics. 3D printed parts made of polymeric material reinforced with continuous fibers 
exhibit better material properties [102–106]. Composite materials are already used to fabricate 
3D printed parts, and comprehensive work on the fabrication of composite parts and the 
composite materials available for printing have been reviewed [7–9]. The importance of carbon 
fiber reinforcements in the materials for improving the properties of 3D printed parts has been 
addressed in [107]. Furthermore, the properties of  parts can be tailored by altering the 
mesostructure (developing cellular structures) while the parts are being printed [108–110]. 
Unlike conventional techniques used to fabricate laminates, FFF can deposit continuous fibers 
in the desired direction according to numerical analysis of the 3D model output, allowing the 
final printed part to adequately withstand applied loads [111,112]. 
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Another factor governing the material behaviour of the final printed parts is the type of 
reinforcements used in the composite material [113]. The reinforcements can be continuous 
fibers, short fibers, or particulates. Parts printed with continuous fibers have better mechanical 
properties [103–105] than parts with no additional reinforcements. Design considerations for 
improving the properties of 3D printed parts using continuous fibers are discussed in [114]. 
Investigations [115] on the performance of the interface between the continuous fibres and the 
matrix of printed parts reveals that layer thickness affects bonding strength. Parts printed with 
short carbon fiber reinforcements have better material properties compared with parts printed 
using only polymeric material [116–119]. In addition, the reinforcements in the polymeric 
material minimize shrinkage issues in the printed parts. Post-heat treatment of the printed 
composite parts can further improve their mechanical properties [120]. Bonding between fiber 
reinforcements and the matrix of the printed parts influences the final properties; the strength 
of bonding can be improved by inducing heat to the parts [121,122]. The orientation of 
reinforcements in the printed parts governs the properties of the final part, and their orientation 
aligns with the printing direction [123]. The composite materials used to fabricate printed parts 
also tends to promote anisotropic behaviour [124–126].  
2.3 Material behaviour of printed parts 
The material behaviour of 3D printed parts resembles that of laminate structures [127–
129]. Such behaviour is mainly due to the orientation of fibers and the deposition of layers as 
the part is printed. The material behaviour of printed parts can be characterized using laminate 
mechanics and classical laminate theories. Thus, laminate theory is useful in the behavioural 
characterization of printed parts subjected to different loads during stress analysis. The layers 
of a printed part behave like an orthotropic material even though the initial filament material is 
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isotropic, and these layers can therefore be treated as a unidirectional fiber-reinforced lamina. 
This means that the roads in a layer act as fibers in a lamina, and several layers together with 
the different printing direction behave like laminated composite structures. Therefore, printed 
parts can be considered laminated composites for the purpose of characterizing their mechanical 
behaviour.  
Laminate mechanics can be employed to characterize the mechanical behaviour of parts 
printed with only thermoplastic filament material and no additional reinforcements [127–130]. 
Kulkarni and Dutta [128] were the first to apply classical laminate theory for the analysis of 
printed parts. Ahn et al. [131] employed analytical models of classical laminate theory, and 
Tsai-Wu used the failure criterion for laminates to investigate the failure of printed parts. Li et 
al. [129] presented a theory based on void density to calculate elastic moduli of a layer. The 
results were validated experimentally, and the mechanical behaviour of the parts was also 
characterized using laminate theory. Researchers[132,133] employed analytical and numerical 
methods for estimating the final properties of printed parts. The elastic moduli for the layers 
(orthotropic material) of printed part were determined experimentally by Casavola et al. [130], 
and classical laminate theory was then employed to characterize the mechanical behaviour of 
the printed parts. Alaimo et al. [134] studied the influence of extruded fiber size and material 
composition of a filament on the mechanical properties of parts fabricated via fused deposition 
modelling. Mechanical behaviour characterization of printed parts was also conducted by 
adopting classical laminate theory and using the Tsai–Hill yield criterion.  
As is the case for printed parts made without reinforcements, laminate mechanics can 
be used to characterize the mechanical behaviour of parts that do contain continuous fiber 
reinforcements [102–105,135,136]. The layers of parts printed with short carbon fibers can be 
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treated as orthotropic lamina material, and the mechanical behaviour of such parts has been 
successfully characterized using laminate mechanics [137]. To date, researchers have carried 
out experimental characterization of composite parts printed with material containing 
continuous fiber [102–105,135,136] and discontinuous fiber [113,116,117,120,123,137] 
reinforcements, but material modeling has not yet been attempted. Limited literature exists on 
the use of laminate mechanics and laminate theories to characterize the mechanical behaviour 
of printed composite parts.  
The material behaviour of printed part depends on fiber orientation in the layers, 
stacking sequence of layers, and build orientation [124,138]. The effects of fiber orientation 
and stacking sequence of layers in a 3D printed part can be considered in laminate modeling. 
However, the effect of build orientation on a part’s material behaviour cannot be accounted for 
using laminate theory, and therefore the influence of built orientation on the material properties 
of printed parts needs further exploration. So far, most of the aforementioned studies involve 
experimental work, as there has been relatively little work on numerical modeling to determine 
the elastic moduli of 3D printed parts.  
Previous work to determine the constitutive matrix of the material of 3D printed parts 
has been entirely experimental. Another limitation is that the shape of voids in the 
mesostructure of printed parts has not been considered. Moreover, the work available only 
considers the calculation of elastic moduli for a constitutive matrix in the plane stress case. The 
effect of build orientation on the calculation of the stiffness matrix and the characterization of 
the mechanical behaviour of 3D printed parts using laminate theory was also not considered. 
From previous studies, it is evident that build orientation influences the material properties of 
printed parts. Therefore, variation in material behaviour owing to build orientation should be 
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considered when using laminate theory to characterize the mechanical behaviour of printed 
parts. A related, unexplored research area is computation of the stiffness matrix of the material 
of a printed part using numerical multiscale models to account for the impact of different build 
orientations. 
2.4 Failure behaviour of printed parts 
The failure behaviour of 3D printed parts is not consistently exhibited because of the 
presence of anisotropy in the properties of the materials. Moreover, no single failure 
phenomenon is responsible for the ultimate failure of the part [139]. The failure behaviour of 
parts printed with reinforced materials is complex and depends on the reinforcements used 
[140]. The complex failure behaviour and anisotropic properties of the final printed material 
complicate the design of parts for 3D printing. Therefore, understanding the final material 
properties of the printed parts and their failure phenomena will allow for effective design and 
analysis of parts for 3D printing.  
The failure phenomenon of printed parts is complex and due to the anisotropic 
behaviour of the material used for fabrication. Studies of the performance of printed parts that 
are subjected to mechanical loads reveal that deposition strategy influences the mesostructure 
of the final parts [138,141,142], and this in turn affects the fatigue life of the parts. The 
performance of printed parts and analysis of their damage under fatigue loads has been 
investigated. Failure analysis of printed parts by Rankouhi et al. [143] has shown that printed 
parts consisting of thin layers are stronger than parts made with thick layers. The authors also 
found that raster angle has a significant effect on the properties of printed parts. Failure 
behaviour of printed parts is influenced by their build orientation [144,145]. The orientation of 
extruded fibers with respect to the loading axis determines the failure behaviour. Fracture 
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development and mechanical behaviour of the printed composite laminates is addressed in 
[146]. The presence of carbon fiber reinforcements in a polymer filament affects the mechanical 
failure behaviour of printed parts [147]. Damage evolution of multidirectional 3D printed 
preforms subjected to compressive loads was assessed in  [148] to characterize the 
microstructure of the parts. Progressive damage modeling of printed parts is presented in 
[131,134]. Further exploration of the various mesostructural aspects of printed parts made of 
different materials is needed to characterize their mechanical behaviour.  
 
 
19 
 
Chapter 3 Investigation of Mechanical Behaviour 
of 3D Printed Parts: Mechanical Testing 
Summary: A comprehensive understanding of the process–structure–property relationship of 
3D printed parts is currently limited. In this work, parts synthesized via fused filament 
fabrication (FFF) using two different materials, ABS plastic and ABS with reinforced short 
carbon fibers (SCF), are subjected to mechanical testing. Test coupons of thick- and thin-
layered unidirectional laminates as well as bidirectional laminates are printed for tensile and 
bending tests. The printed parts are treated as printed laminates. Anisotropy in the material 
properties of the 3D printed parts is investigated. Specifically, anisotropic behaviour is 
characterized by performing mechanical testing on the 3D printed parts. Finally, the influence 
of mesostructure on the overall mechanical behaviour of the parts is investigated, and the effect 
of printing process parameters on the mechanical properties of the parts is explored.  
3.1 Introduction 
The mechanical behaviour of the printed parts depends on the loads as well as on the 
type of material used to fabricate the parts. The behaviour of a material is dependent on its 
properties, and the properties are governed by its mesostructure. The mesostructure of a part is 
produced while the part is 3D printed and is governed by the printing process parameters. 
Therefore, to characterize the behaviour of the printed parts, it is important to account for the 
materials, the underlying mesostructure, and the loads that are applied. Understanding the 
influence of these factors on the final behaviour of the 3D printed parts allows for effective 
design and analysis of models for 3D printing.  
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Printing process parameters influence the mechanical properties of 3D printed parts 
[38,44,46,99,143,149]. Further, the build orientation of the parts affects their mechanical 
behaviour [66,67,80,150]. The influence of such parameters results in anisotropy in the printed 
part. The bonding between the layers as well as adjacent fibers governs the performance of the 
part [59,151]. The printed composite parts [137,146] have a complex failure phenomenon, and 
the presence of short carbon fiber (SCF) reinforcements in a polymer affects the mechanical 
failure behaviour of the printed parts [147]. Investigation of the failure behaviour of 
unidirectionally printed parts [127] confirms the presence of direction-dependent fracture 
behaviour. However, the aforementioned works focus only on the overall mechanical behaviour 
of the printed parts as well as the influence of printing parameters on the parts. Furthermore, 
the printed parts are not treated as laminate structures in most earlier work. A detailed study to 
understand the relationship between the printing process and the printed parts as well as 
emergent properties has not yet ben explored. Therefore, further exploration of various 
mesostructural aspects of the printed parts is needed to accurately characterize their mechanical 
behaviour.  
The mesostructure of the printed laminates is mainly defined by the materials used for 
printing, the size of the fibers, the thickness of the layers, and the orientation of the fibers. These 
elements determine the mesostructure of the printed part and in turn govern the mechanical 
properties of the part. Therefore, a detailed investigation of different aspects of the 
mesostructure of a printed part can help to characterize its mechanical behaviour. Test results 
reveal the mechanical properties of the printed laminates and the behaviour of the laminates 
under tensile and flexural loads. Furthermore, test results are useful for studying the influence 
of mesostructure on mechanical properties, which in turn are governed by the printing process. 
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The mechanical properties of a lamina can be calculated from the tensile test results; this topic 
is discussed in the following chapter. The flexural properties as well as the behaviour of the 
printed laminates can be determined from the results of the flexural tests.  
In this chapter, experimental test coupons were 3D printed with either an isotropic 
polymer (ABS) or a composite polymer (ABS+SCF). The test coupons were considered for 
tensile tests, bending tests and interlaminar fracture toughness tests. Parts with different raster 
orientations and two different layer thicknesses were printed to investigate the resulting 
mechanical behaviour of the parts. The printed parts were treated as printed laminates. The 
mechanical behaviour of the printed test coupons under uniaxial tensile and bending loads was 
examined. The influence of printing direction in each layer, i.e., the effect of lamina layup on 
the mechanical behaviour of the printed laminates subjected to loads was investigated. 
Furthermore, interlaminar fracture strength of the printed laminates was investigated under 
crack opening mode (Mode-I).  Also, factography analysis was carried out to understand the 
failure behaviour of the parts; a digital image correlation setup was used to conduct this failure 
analysis. Finally, the influence of the composite material on the mechanical behaviour of the 
printed parts was studied.  
3.2 Methodology 
3.2.1 Materials used in test coupons 
Two different commercially available filament materials were used to fabricate the 3D 
printed parts (purchased from 3DXTech, Byron Center, Michigan, USA). Parts printed using 
isotropic thermoplastic material (ABS) are termed printed laminates with isotropic material, or 
simply isotropic laminates. Parts consisting of SCF-reinforced thermoplastic material (ABS-
SCF) are termed printed laminates with composite material, or simply composite laminates. 
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Stiffness of filament wires from tensile tests found to be ~ 2130 MPa for ABS and ~ 4430 MPa 
for ABS-SCF filament. 
3.2.2 Fabrication of test coupons 
The dimensions of the test coupons for the tensile, flexural and fracture toughness cases 
are presented in Figure 3.1 and Table 3.1. The laminate test coupons were printed for 
mechanical testing. The coupons were printed with different lamina layups, materials, and 
process parameters, and these are presented in Table 3.2. The x, y, and z coordinates represent 
the global system for a laminate, while the local system for a laminate is indicated by 1, 2, and 
3, where 1 denotes the fiber direction, and 2 and 3 are transverse to the orientation of the fibers, 
as shown in Figure 3.1a. 
Two significant process parameters governing the mesostructure of the printed 
laminates are layer thickness and raster angle. The raster angle (θ, °) defines the fiber orientation 
for the laminate layup, and the layer thickness (t) represents the thickness of the lamina of the 
printed laminates and also the cross-sectional size of the fibers (Figure 3.1a). Different types of 
unidirectional and bidirectional laminates can be printed by varying these process parameters. 
The lamina layup in the printed bidirectional laminates is balanced and symmetric. Laminates 
of two different layer thicknesses are printed, and the thickness of lamina (t1) of the thick-
layered laminate is double the thickness of lamina (t2) of the thin-layered laminate. However, 
the thickness of all layers within a laminate is the same.  
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(a)     L-Total length, TS- Tab size, W-Width,  T-Thickness, θ-Fiber direction to x-axis (°) 
 
(b)     l-Span distance, l+30%l- Total length, T-thickness, W-width 
(c)  
Figure 3.1. Dimensions (in mm) of test coupons: (a) tensile test coupon; (b) flexural test 
coupon; (c) interlaminar fracture toughness (Mode-I) test coupon.  
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Table 3.1. Dimensions of test coupons subjected to uniaxial tensile, bending tests and mode-I 
fracture tests. 
 Coupon dimensions (mm) 
Laminate type Layup No. L W T TL 
Tensile test coupons 
Unidirectional 1–4 190 12.7 2.54 38 
 5 127 25.4 2.54 19 
Bidirectional 6, 7 200 25.4 2.54 30 
Flexural test coupons 
Bidirectional 8, 9 T = 3.17, W = 13, l = 32T, L = l + 30%l 
Fracture toughness test coupons 
Unidirectional 10 T = 5.08, W = 25, L = 125, a0=17 
 
Table 3.2. Laminate layup, layer thickness, and materials used for printing laminate test 
coupons. 
Laminate type 
Layup 
No. 
 Layer thickness (t) Filament material 
Raster angle () 
t1 = 
0.317 
t2 = 
0.158 
ABS 
ABS-
SCF 
Tensile test coupons 
Unidirectional 1 0° × × × × 
 2 30° × × × × 
 3 45° × × × × 
 4 60° × × × × 
 5 90° × × × × 
Bidirectional 6a [0°/90°]2S × — × × 
 6b [0°/90°]4S — × × × 
 7a [45°/–45°]2S × — × × 
 7b [45°/–45°]4S — × × × 
Flexural test coupons 
Bidirectional 8a [0°/90°/0°/90°/0°]S × — × × 
 8b [0°/90°/0°/90°/0°]2S — × × × 
 9a [45°/–45°/45°/–45°/45°]S × — × × 
 9b [45°/–45°/45°/–45°/45°]2S — × × × 
Mode-I test coupons 
Unidirectional 10 0° × — × × 
(where, × denotes printed coupons, S represents symmetry layup order) 
For each test case, five coupons were printed. For instance, the layup 1 laminate can be 
one of two different layer thicknesses (t1 and t2) and one of two different materials (ABS or 
ABS-SCF), resulting in a total of 20 coupons being printed for this case alone, as presented in 
Table 3.2. The raster angle represents the orientation of fibers in the layers of the laminate along 
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the x-axis of the test coupon. This means that the fibers in unidirectional laminate layup 1 are 
oriented only along the axis of loading, and in the other cases the fibers are oriented off-axis to 
the axis of loading. The difference in the bidirectional laminates of the same layup order is in 
the thickness of their layers. For example, bidirectional laminate layups 6a and 6b have the 
same layup order but consist of different layer thicknesses. Table 3.2 shows that the layers of 
laminate 6a are thicker than those of laminate layup 6b. Two different layup types of 
bidirectional laminates — cross-ply [0°/90°]n and angle ply [45°/–45°]n — were considered for 
investigation. Laminate test coupons for layups 1–7 were subjected to a uniaxial tensile load 
along the x-axis (Figure 3.1a), and layups 8 and 9 were subjected to a transverse load (Figure 
3.1b), and layup 10 were subjected to crack opening load (Figure 3.1c). 
The other process parameters used for printing were as follows: an extruder temperature 
of 235 °C, a substrate temperature of 80 °C, a printing speed of 50 mm/s, 1 shell, an overlap 
between adjacent fibers of 15%, and an infill density of 100%. The material is extruded through 
400 µm diameter nozzle, and the desired thickness of layers can be obtained by governing the 
flow rate of material through nozzle and speed of nozzle head. A total of 140 coupons were 
printed for tensile testing, 40 coupons for flexural testing and 10 coupons for interlaminar 
fracture toughness testing on an Ultimaker printer.  
3.2.3 Mechanical testing 
Tests were conducted on an MTS testing machine equipped with a 10 kN load cell for 
measuring load. The displacements of the test coupons during deformation were recorded using 
a laser extensometer. A digital image correlation setup (LaVision GmbH) was employed during 
tensile testing of the coupons to measure strain in a multiaxial direction. Tests were carried out 
at a quasi-static loading rate of 1 mm/min. The mechanical behaviour of the printed laminates 
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under two different load cases — uniaxial tensile test and bending test — was investigated. The 
printed parts resemble laminate structures, and therefore test standards follow the ASTM 
standards for traditional composite laminates. The test coupons were printed as per ASTM 
D3039 for tensile testing, ASTM D7264 for flexural testing and ASTM D5528 for Mode-I 
loading.  
3.3 Results and Discussion 
3.3.1 Tensile test results of unidirectionally printed parts 
Tensile testing of a printed test coupon is shown in Figure 3.2. The variation in the 
mechanical properties of thick-layered and thin-layered unidirectional printed laminates with 
ABS and ABS-SCF is shown in Figures 3.3 and 3.4, respectively. The x-axis of the graphs 
indicates the fiber orientation of the unidirectional laminates with respect to the x-axis of the 
laminate. The y-axis indicates property of laminates, and the standard deviation error bar of 
corresponding values also can be seen in figures. The stiffness (Ex) and tensile strength (Xt) of 
the thin-layered laminates is higher than that of the thick-layered unidirectional laminates. The 
laminates with fibers oriented along the loading axis have higher stiffness and strength than the 
laminates whose fibers are off-angle to the loading axis. Layup 1 laminates have higher stiffness 
and strength than layup 5 laminates, whose fibers are not oriented along the loading axis. This 
means that the printed parts will have directional properties and their fibers are the main load-
taking members of the part. The SCF reinforcements influenced the material properties of the 
printed parts. The stiffness of layup 1 laminates printed with composite material (ABS-SCF) is 
improved greatly, but not that of other unidirectional laminates. The effect of the reinforcements 
on the strength of the printed composite laminates is negative, especially for thick-layered 
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composite laminates. The anisotropy in the properties of the printed composite parts is 
significant and mainly due to the presence of reinforcements. 
 
Figure 3.2. Tensile testing of a printed test coupon. 
  
Figure 3.3. Mechanical properties of unidirectionally printed parts with ABS material: (a) Ex 
and (b) Xt for thick-layered (t1) laminates and thin-layered (t2) laminates. 
    
Figure 3.4. Mechanical properties of unidirectionally printed parts with ABS-SCF material: 
(a) Ex and (b) Xt for thick-layered (t1) and thin-layered (t2) laminates. 
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Next, the effect of lamina layup and layer thickness on the failure behaviour of printed 
laminates with ABS material is discussed. The stress–strain curves of the unidirectional 
laminates made of two different layer thicknesses are shown in Figure 3.5. Two types of failure 
modes, namely fiber breakage and fiber debonding, were seen in the laminates under tensile 
loads. Layup 1 laminates experienced two failure modes, and the other unidirectional laminate 
layups exhibited only the debonding failure mode under tensile loads. This difference is due to 
the orientation of the fibers in the other unidirectional laminates being off-axis to loading, and 
therefore a significant amount of load was shared by the interface between the fibers of the 
layers. The interface has a lower bonding strength than the fibers, and therefore the interface 
experiences early failure before breakage of the fibers. This can be observed in the stress–strain 
curves for the laminates, with layups 2–5 showing more early failure compared with layup 1. 
Furthermore, the strain to fracture is higher in thin-layered laminates than in thick-layered 
laminates. The mesostructures of the unidirectional laminates captured using microscope 
BX41M-LED from Olympus Corporation, are shown in Figure 3.6. The higher fracture strain 
in the thin-layered parts is the result of stronger bonding strength due to more bonding area 
between the adjacent fibers compared with that in the thick-layered parts.  
  
 Figure 3.5. Stress–strain curves of unidirectional laminates for (a) thick-layered laminates 
and (b) thin-layered laminates. 
0.00 0.02 0.04 0.06 0.08 0.10
0
5
10
15
20
25
30
35
40
45
ABS Thick
(a)
 Layup 1 [00]
 Layup 2 [300]
 Layup 3 [450]
 Layup 4 [600]
 Layup 5 [900]
S
tr
es
s,
 M
P
a
Strain
0.00 0.02 0.04 0.06 0.08 0.10
0
5
10
15
20
25
30
35
40
45
ABS Thin
(b)
 Layup 1 [00]
 Layup 2 [300]
 Layup 3 [450]
 Layup 4 [600]
 Layup 5 [900]
S
tr
es
s,
 M
P
a
Strain
29 
 
 
  
Figure 3.6. Mesostructure of unidirectionally printed laminates, (a) thick layered parts, (b) 
thin layered parts. 
The mesostructure of the printed parts will contain voids inherited from the printing 
process. The difference in the results for certain thick and thin-layered laminate lay-ups is due 
to variation in the size of the voids in the printed laminates’ mesostructure. The size of the voids 
in the thin-layered laminate is smaller than those in the thick-layered laminate, and the bonding 
is stronger between the fibers for laminates with a smaller void size and density. Void size 
affects the mechanical behaviour of unidirectional laminates more than that of bidirectional 
laminates. This effect could explain the difference in the stress–strain curves of the thick- and 
thin-layered unidirectional laminates as well as the bidirectional laminates. Though the parts 
were printed with 100 percent infill material, but in reality that the printed parts have voids. 
The percentage of voids in a layer is around 7.6 % of its volume in case of thicker layer (t1), 
and 6.1% percent in case of thinner layer (t2), but total void volume in thick and thin layered 
parts is nearly same in a printed part. The fracture lines of the five different layups of printed 
parts with ABS material then subjected to uniaxial tensile loads are shown in Figure 3.7. 
(a) (b) 
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Figure 3.7. Fracture lines of ABS printed parts subjected to uniaxial tensile loads. 
Next, the influence of lamina layup and layer thickness on the failure behaviour of the 
printed laminates with ABS-SCF material is discussed. The stress–strain curves of 
unidirectional laminates made of two different layer thicknesses are shown in Figure 3.8. The 
thin-layered unidirectional laminates are stiffer and stronger than the thick-layered laminates. 
The fracture strength and fracture strain of layup 1 laminates is greater than that of the other 
unidirectional laminates owing to the orientation of fibers in the other laminates being off-axis 
to loading. Also, the interface of the fibers in a layer shares a significant amount of load, and 
the bonding strength of the interface is lower than the strength of the fibers. This led to the 
fracture occurring at the interface of the fibers in laminate layups 2–5. The presence of SCF 
reinforcements in the composite laminates resulted in lower fracture strength as well as fracture 
strain compared with the laminates printed with only isotropic material. Figure 3.9 shows the 
fracture lines of the different unidirectional laminate layups 1–5. The angle of the fracture lines 
of the laminate follows the orientation of fibers in that laminate.  
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Figure 3.8. Stress–strain curves for (a) thick-layered and (b) thin-layered composite laminates. 
 
Figure 3.9. Fracture lines of the five different layups of ABS-SCF printed parts subjected to 
uniaxial tensile loads. 
The mesostructures of the thick- and thin-layered composite laminates are shown in 
Figure 3.10. The size of the voids in the thin-layered laminate is smaller than those in the thick-
layered laminate. In addition, the bonding strength is greater between the fibers for laminates 
with a smaller void size, leading to more contact area between adjacent fibers. Void size affects 
the mechanical behaviour of the unidirectional laminates more than that of the bidirectional 
laminates. Also, the effect is more significant in the composite laminates than in the isotropic 
laminates. This effect could explain the difference in the stress–strain curves of the thick- and 
thin-layered laminates fabricated with ABS and ABS-SCF materials. The size of the voids can 
be minimized with a lower layer thickness and greater overlap between the fibers. The variation 
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in the results for different laminates is mainly due to changes in various aspects of their 
mesostructure, including material, size of the fibers, thickness of the layers, and orientation of 
the fibers. 
 
Figure 3.10. Mesostructure of the composite laminates. (a) Thick-layered laminates and (b) 
thin-layered laminates. Orientation of short carbon fiber reinforcements in the fibers of 
(c) thick-layered laminates and (d) thin-layered laminates. 
In addition to the presence of voids, the composite laminates also contain SCF 
reinforcements in the fibers. The SCF reinforcements make the fiber brittle and therefore the 
composite laminate brittle. The bonding strength between the fibers as well as between the 
layers becomes weaker because of the presence of reinforcements at the interfaces, and this 
contributes to the brittleness of the composite laminate. Furthermore, layer thickness has a more 
(d) 
(b) 
(c) 
(a) 
100 µm 100 µm 
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significant effect on the properties of the composite laminates than on the properties of isotropic 
laminates. This effect is due to the fibers of the thick-layered composite laminates having voids 
within their cross-section, as shown in Figure 3.10a and 3.10c; however, this is not the case for 
isotropic fibers. Figure 3.10 shows the presence of voids within the cross-section of fibers of 
the thick-layered composite laminates; such voids are not seen in the fibers of the thin-layered 
composite laminates. Furthermore, thin-layered laminates contain SCF reinforcements that are 
more aligned with the direction of the fiber than are the reinforcements in the thick-layered 
laminates. These differences result in the thick-layered composite laminates being more prone 
to early failure than the thin-layered composite laminates. 
3.3.2 Tensile test results of bidirectionally printed parts 
Bidirectionally printed laminates with two different layup orders were tested: cross-ply 
laminates (layup 6) and angle-ply laminates (layup 7). The laminates with layups 6a and 7a are 
thick-layered laminates, and those with layups 6b and 7b are thin-layered laminates. The 
common practice in printing the parts is to orient the fibers of the layers perpendicular to each 
other in the alternate layers, i.e., the fibers are laid bidirectionally in the layers of the printed 
parts. The behaviour of the parts printed with such a printing pattern is investigated in this 
section. 
Now, consider the tensile test results of bidirectional laminates printed with ABS 
material. The stress–strain curves of the bidirectionally printed laminates are shown in Figure 
3.11. Tensile testing of bidirectional laminates with a digital image correlation setup is shown 
in Figure 3.12. The strain distribution just before propagation of the crack in the laminates 
subjected to tensile loading is shown in Figure 3.13. The failure strain of the thick-layered 
laminates is lower than that of the thin-layered laminates. Also, failure strain is higher for angle-
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ply laminates than for cross-ply laminates. The angle-ply bidirectional laminates experienced 
fiber breakage only, whereas the cross-ply laminates saw both failure modes. This means that 
the interaction of fibers between adjacent layers of the laminate played a role in sharing the 
applied load. Also, the failure is not sudden after the material yields elastically; rather, after 
stress reaches a maximum, the material deforms gradually with softening behaviour. Then, 
sudden failure happens when the applied strain is localized in one region, which leads to 
propagation of the existing voids in the printed parts. The thin-layered laminates are stronger 
and stiffer than the thick-layered laminates, and is because of higher bonding strength between 
the fibers of thin-layered laminates.  
  
Figure 3.11. Stress–strain curves of bidirectional laminates for (a) cross-ply laminates and (b) 
angle-ply laminates. 
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Figure 3.12. Tensile testing with a digital image correlation setup. 
 
      
(a) (b)  (c) (d)  
Figure 3.13. Strain distribution in the laminates during tensile testing. Thick-layered 
laminates: (a) layup 6a and (b) layup 7a. Thin-layered laminates: (d) layup 6b and (e) 
layup 7b. 
Let us now consider the failure behaviour of the bidirectional laminates printed with 
ABS-SCF material, whereby the influence of bidirectional layup order on the mechanical 
behaviour of printed parts is demonstrated. The stress–strain curves of the bidirectional 
laminates for cross-ply and angle-ply layup order are shown in Figure 3.14. The cross-ply 
laminates are stiffer and stronger than the angle-ply laminates, but the failure strain of angle-
ply laminates is higher than that of the cross-ply laminates. The higher stiffness and strength in 
the cross-ply composite laminates is the result of the orientation of fibers as well as SCF 
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reinforcements in them being aligned with the loading direction. The thin-layered bidirectional 
laminates have higher failure strength and failure strain than the thick-layered laminates. The 
strain distribution just before propagation of the crack in the cross-ply and angle-ply laminates 
subjected to tensile loading is shown in Figure 3.15. This strain distribution in the coupons is 
at a data point in the stress-strain curves just before the sudden drop in stress, and it is the strain 
for complete failure. The stress–strain curves of the laminates follow linear and nonlinear 
regions while deforming under tensile loading. This means that the matrix and SCF 
reinforcements deform elastically until the bonds break between them, and then the matrix 
deforms plastically until complete failure of the part. The softening region after the ultimate 
stress is smaller compared with the softening region of the laminates printed with ABS material 
only. Furthermore, the failure of the printed laminates does not exactly resemble the failure 
phenomenon of the traditional polymeric composite laminates, where sudden failure occurs 
immediately after the laminate yields elastically. The layup order influences bonding strength 
between the layers, meaning that bonding strength at the interface is not the same in 
unidirectional and bidirectional laminates. In the stress–strain curves of the laminates, note that 
the angle-ply laminates have a higher fracture strain than other layup order laminates. Also, the 
influence of bonding is significant in the unidirectional laminates with fibers oriented off-axis 
to loading. In summary, the mechanical properties — namely strength, stiffness, and fracture 
strain — of bidirectionally printed parts are better than those of unidirectional laminates 
containing fibers oriented off-axis to the loading axis. This is mainly due to the mesostructure 
that was produced during the printing of the parts. It means that the performance of the printed 
parts is governed by the mesostructure, and that in turn is governed by the printing process 
parameters.  
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Figure 3.14. Stress–strain curve of (a) cross-ply and (b) angle-ply composite laminates. 
   
 
   
(a) (b)   (c) (d)  
Figure 3.15. Strain distribution in the printed composite laminates during uniaxial tensile 
testing of (a) thick-layered cross-ply laminates, (b) thin-layered cross-ply laminates, (c) 
thick-layered angle-ply laminates, and (d) thin-layered angle-ply laminates. 
 
3.3.3 Flexural test results of bidirectionally printed parts 
Three-point bending tests were conducted on cross-ply and angle-ply printed laminates. 
The bidirectionally printed laminates with layups 8a and 9a (thick-layered laminates), and those 
with layups 8b and 9b (thin-layered laminates) were subjected to a bending test. The layup 
order of the laminates is presented in Table 3.2. The influence of layer thickness, layup order, 
and SCF reinforcements on the mechanical behaviour of bidirectionally printed parts subjected 
to transverse loads is investigated in this section. A three-point bending test of printed coupon 
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is shown in Figure 3.16. Load versus deflection curves are shown in Figure 3.17 for laminates 
printed with ABS material, while Figure 3.18 shows curves for laminates printed with ABS-
SCF material.  
 
Figure 3.16. Bending test of printed test coupon. 
 
 
 
 
Figure 3.17. Load versus deflection curves of laminates printed with ABS material: (a) cross-
ply laminates and (b) angle-ply laminates. 
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Figure 3.18. Load versus deflection curves of laminates printed with ABS-SCF material: (a) 
cross-ply laminates and (b) angle-ply laminates. 
The load versus deflection curves illustrate that thin-layered laminates can withstand 
higher flexural load as well as deflection than thick-layered laminates. Further, angle-ply 
laminates can tolerate more deflection before the final failure than the cross-ply laminates of 
the same layer thickness. Also, laminates printed with ABS can sustain loads at higher 
deflection than composite laminates can. The presence of the SCF reinforcements in the 
composite laminates significantly influences the flexural properties; flexural stiffness is 
improved, but deflection is reduced. The failure behaviour of laminates printed with ABS 
material initially follows elastic behaviour until the peak load is reached, at which point there 
is softening behaviour before sudden failure occurs. The failure of composite laminates follows 
a similar trend, but the softening region is smaller than that in the laminates made only with 
ABS. This effect is mainly due to the presence of SCF reinforcements in these laminates, which 
further promotes brittleness in the laminates. Therefore, the composite laminates experience 
failure earlier than laminates printed with other material. 
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3.3.4 Interlaminar fracture toughness test results of unidirectionally printed parts 
 Interlaminar bonding strength of the printed laminates is assessed in this section. 
Interlaminar fracture toughness tests were conducted on printed test coupons of layup 10. Test 
results reveal the interlaminar fracture toughness of the printed laminates under crack opening 
mode.  Interlaminar fracture toughness represents the bonding strength between the layers of 
the printed parts. Interlayer debonding (decohesion) of printed parts is also referred as 
delamination, which is one of the failure modes in traditional composite laminates. Test coupon 
subjecting to crack opening mode is shown in Figure 3.19. Load (P) versus crack opening 
displacement (δ) curves for the test coupons made of ABS as well as ABS-SCF material is 
shown in Figure 3.20a. Also, Figure 3.20b illustrates the fracture toughness (GI) versus 
delamination length (a) of the coupons. The fracture toughness is calculated based on modified 
beam theory as described in the standard. Interlaminar bonding strength for the printed coupons 
with ABS material is higher than the coupons made of ABS-SCF material. This is because of 
that the SCF reinforcements influenced the inter-layer adhesion. The SCF reinforcements have 
higher thermal conductivity and that led to the extruded ABS-SCF material cool faster. 
Therefore, the extruded ABS-SCF material solidified before diffusing with the previously 
deposited material and this caused poor adhesion between adjacent fibers as well as layers. 
Thus, the interlaminar fracture toughness of the printed laminates with ABS-SCF is lower when 
compared to the laminates made of ABS material.  
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Figure 3.19. Printed test coupon under crack opening mode. 
 
  
Figure 3.20. Interlaminar fracture toughness results of printed laminates under Mode-I 
loading (a) load versus displacement; (b) fracture toughness versus delamination length.    
3.4 Conclusions 
In this chapter, the mechanical behaviour of 3D printed parts subjected to tensile and 
flexural loads was investigated experimentally. This chapter also included a study of the impact 
of mesostructure on the overall mechanical properties of 3D printed parts. In particular, the 
influence of mesostructural features such as the orientation of fibers, layer thickness, and lamina 
layup on the properties of the printed parts was explored. The effect of SCF reinforcements on 
the properties of printed parts was also investigated. To carry out these investigations, parts 
were 3D printed unidirectionally as well as bidirectionally with two different layer thicknesses 
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(thick and thin) and two different materials (ABS, ABS-SCF) for mechanical testing. The 
printed test coupons were subjected to uniaxial loading in tensile tests and transverse loading 
in flexural tests. A summary of the test results is as follows: 
 Unidirectionally printed parts with fibers oriented along the tensile loading axis have 
higher stiffness and strength than parts whose fibers are off-angle to the loading axis. In 
other words, layup 1 test coupons have higher stiffness and strength than layup 5 
coupons, whose fibers are not oriented along the tensile loading axis. This means that 
printed parts have directional properties and that their fibers are the main load-bearing 
members. 
 Two aspects of mesostructure defined by the printing process parameters, namely raster 
angle (fiber orientation) and layer thickness, significantly influenced the mechanical 
properties of the printed parts. Thin-layered printed parts have better properties than 
thick-layered parts. In general, bidirectionally printed parts subjected to tensile and 
flexural loads perform better than unidirectionally printed parts, especially 
unidirectional parts with layups 2–5.  
 The material and its constituents used for printing parts influence the final properties of 
the parts. In general, SCF reinforcements in ABS improve the stiffness of the printed 
parts, but strength and fracture strain in ABS-SCF parts are significantly lower than in 
parts printed with only ABS material. This is mainly due to the parts printed with ABS-
SCF having enclosed voids within the fibers, which is not the case for parts printed with 
ABS material only.  
43 
 
 The failure behaviour of printed parts subjected to tensile and flexural loads reveals that, 
in general, the parts initially have an elastic region exhibiting plasticity with softening 
behaviour before sudden fracture occurs. Unidirectional parts whose fibers are not 
aligned with the tensile loading axis have a smaller softening region and are subject to 
early failure. This occurs because of lower bonding strength at the interface of adjacent 
fibers compared with bonding strength of the extruded fiber, and therefore the fracture 
lines in these parts follow the orientation of the fibers. The presence of SCF 
reinforcement in the printed parts causes the formation of enclosed voids, which results 
in a smaller softening region in such parts. Furthermore, the SCF reinforcements 
weakens the interlayer bonding of the printed parts.    
 Finally, the mesostructure produced in 3D printed parts during the printing process 
governs the final material properties of the parts. In other words, anisotropy in the 
properties is mainly due to variation in the mesostructure of the printed parts. This raises 
an important question regarding the constitutive behaviour of the material of the printed 
parts and also the mechanics applicable in the effective design and analysis of structural 
parts for 3D printing. This question is addressed in the next chapter. 
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Chapter 4 Characterization of the Mechanical 
Behaviour of 3D Printed Parts: Laminate Mechanics 
Summary: In this chapter, the mechanics of 3D printed parts with ABS (isotropic material) 
and ABS reinforced with short carbon fibers (ABS-SCF) (composite material) are explored. 
The results of mechanical testing from the previous chapter revealed that printed parts have 
directional properties. However, the constitutive material behaviour of the printed parts was not 
explored, and the structural mechanics for characterizing the behaviour of printed parts 
subjected to mechanical loads has yet to be defined. To address these questions, a detailed 
investigation of the material constitutive behaviour and mechanics of printed parts is carried 
out in this study. 
4.1 Introduction 
Constitutive relations are used to capture the behaviour of material in response to the 
stress testing of structural parts. In addition, the behaviour of parts subjected to mechanical 
loads can be characterized using structural mechanics, which facilitates the design and analysis 
of structural parts. The design and analysis of structural parts for 3D printing is challenging 
because of their anisotropic behaviour. This anisotropic nature is mainly due to a change in the 
material properties of the printed parts. The presence of anisotropy calls for the characterization 
of the constitutive behaviour of printed parts. This investigation allows for the effective design 
and analysis of a model for 3D printing. 
The mechanical behaviour of parts consisting of continuous fibers can be characterized 
using laminate mechanics [102,135]. Laminate mechanics can also be employed to characterize 
the mechanical behaviour of parts fabricated with only thermoplastic filament material and no 
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additional reinforcements [128–130]. The use of laminate mechanics implies that parts printed 
via FFF behave like laminate structures. Thus, laminate theory can be employed in the 
behavioural characterization of parts subjected to different loads during stress analysis. The 
layers of parts fabricated with short carbon fibers (SCF) can be treated as orthotropic lamina 
material, and the mechanical behaviour of such parts have been characterized using laminate 
mechanics [137]. So far, experimental characterization of composite parts fabricated with 
material containing continuous fiber [102–105,135,136] and discontinuous fiber 
[113,116,117,120,123,137] reinforcements has been explored, but their material modeling has 
not yet been attempted. Only limited literature exists using laminate mechanics and laminate 
theories to characterize the mechanical behaviour of printed composite parts, which is a gap 
addressed in the present work.  
This chapter begins by using laminate mechanics to characterize the constitutive 
behaviour of parts fabricated with ABS or ABS-SCF material. Then, classical laminate theory 
is employed to characterize the mechanical behaviour of bidirectionally printed parts that are 
subjected to tensile and flexural loads. In addition, finite element (FE) failure analysis of printed 
parts is attempted using the first-ply failure criterion to reveal the relevance of such failure 
theories for printed parts. 
4.2 Mechanics of 3D printed parts 
4.2.1  Constitutive relation of materials 
Constitutive relation of materials is considered in the analysis of 3D printed parts to 
account for their material behaviour. The coefficients of the constitutive matrix are functions 
of the elastic moduli of the material. The mechanical properties depend on the microstructure 
of the material. The number of independent coefficients in the constitutive matrix depends on 
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the symmetry of the microstructure in the material planes. 3D printed parts behave like a 
laminate structure, with each layer acting as a lamina reinforced by unidirectional polymeric 
fibers. Such layers (laminae) of printed parts can be treated as orthotropic material. The 
constitutive relation for an orthotropic material is as follows: 
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where ijC  are elements of the constitutive matrix C. The strain–stress relation for an 
orthotropic material obtained by inverting eq.4.1 can be written as  
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where S is the compliance matrix and the coefficients of the matrix are  
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The coordinate system 1, 2, and 3 is a lamina (local) coordinate system; axis 1 is along the fiber, 
axis 2 is transverse to the fiber, and axis 3 is normal to the 1–2 plane, i.e., along the thickness 
of the layer. The coefficients Cij of the C matrix for an orthotropic material are obtained by 
inverting the S matrix. The constitutive matrix for an orthotropic material contains nine 
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independent coefficients. The elastic constants required to describe the material are as follows: 
Young’s moduli of a layer along axes 1, 2, and 3, respectively
1 2 3, ,E E E ; the shear moduli
12 13 23, ,G G G ; and  Poisson’s ratios 12 13 23, ,   . Also, the relation i ji j ijE E   (no sum on i and j) for 
i,j = 1, 2, 3 and i j  holds for orthotropic materials. 
For an isotropic material, 
1 2 3E E E E   , 12 13 23G G G G   , and 12 13 23      . Then, 
the coefficients in the constitutive matrix of eq. 4.1 become 
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 (4.4) 
and the strain–stress relation for an isotropic material is obtained by replacing the elastic 
constants in eq. 4.3 with elastic constants of the isotropic material.  
The strain–stress relation for lamina in a plane stress case is obtained from eq. 4.2 by 
setting 
33 23 130, 0, 0      and is written as 
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The coefficients of the compliance matrix S are available in eq. 4.3. The reduced 
constitutive relation of plane stress for an orthotropic material is obtained by inverting eq. 4.5 
as follows: 
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where 
ijQ  are the coefficients of the reduced stiffness matrix Q for plane stress, given by 
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 (4.7) 
Note that the reduced stiffness matrix’s components involve only four independent material 
constants, E1, E2, ν12, and G12. This results in the number of elastic constants for an orthotropic 
material in a plane stress case being reduced to four. These elastic constants are required to 
characterize the mechanical behaviour of printed parts via FFF, as these parts resemble 
laminates. These unknown constants can be calculated using tensile test results for three 
different specimens, as explained next.  
   
Figure 4.1. Uniaxial tensile loading of parts printed unidirectionally with fiber oriented (a) 
along the axis of loading, (b) normal to the axis of loading, and (c) off-axis to the axis of 
loading. 
 
Initially, let us consider a tensile testing scenario in which a test coupon is printed 
unidirectionally with the fibers aligned along the axis of loading. The test specimen is subjected 
to uniaxial tensile loading, as shown in Figure 4.1a. The properties of the lamina (E1, ν12 and 
Xt) can be calculated from the tensile test results for this case:  
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t
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A
        (4.8) 
where 11  and 22   are the longitudinal strain and lateral strain, respectively; ultP  is the ultimate 
tensile load; and A is the cross-sectional area of the test specimen.  
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Now, consider a tensile testing scenario in which a tensile test coupon is printed 
unidirectionally with the fiber oriented normal to the axis of loading. The test coupon is 
subjected to a uniaxial tensile load (Figure 4.1b). The properties E2 and Yt are calculated using 
the following equations from the test results for this case: 
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          (4.9) 
The stiffness properties should satisfy the reciprocal relation 
12 1 21 2E E  , where 12 is 
obtained from the earlier case and 
21 11 22/     is calculated from this case. 
Let us now consider a tensile testing scenario in which a tensile test coupon is printed 
unidirectionally with the fiber oriented off-angle to the axis of loading. In this case, the fibers 
are oriented off-axis at 45° to the axis of loading (Figure 4.1c). These test results are useful to 
calculate the in-plane shear properties G12 and S of the lamina using the modulus (Ex) in the x-
direction:  
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The relation between the principal 1–2 coordinates and the non-principal x–y 
coordinates is established through the transformation matrix, which is useful in this case to 
calculate the shear modulus G12. The results are given by 
 12
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1 2 1
1
24 1 1
x
G
E E E E
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         (4.11) 
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The calculation of in-plane shear strength S is explained in the latter part of the next 
section. For further details about the procedure for calculating the elastic constants of lamina 
reinforced with unidirectional fibers, refer to [152] . 
4.2.2 Classical laminate theory for characterizing the mechanical behaviour of printed 
parts 
Figure 4.2 shows a two-layer plate 3D printed via FFF, with the fibers oriented in layers 
1 and 2 at 0° and 90°, respectively, to the x-axis of the plate.  
 
Figure 4.2. Plate fabricated with fused deposition modeling in 0° and 90° raster orientation. 
 
The experimental work in the previous chapter revealed that printed parts with ABS or 
ABS-SCF material have directional properties. Further, the extruded fibers of a printed part are 
the load-bearing members, meaning that parts behave like traditional laminate structures. The 
main difference between traditional laminates and 3D printed parts is that the laminae of the 
traditional laminate have more than one high-strength continuous fiber across their thickness, 
but the layers of the printed parts have only one low-strength polymeric (or composite) fiber 
across their thickness. In general, the internal architecture of a part fabricated via FFF is similar 
to that of a traditional fiber-reinforced laminate structure. Therefore, laminate mechanics and 
laminate theories are employed here to characterize the mechanical behaviour of 3D printed 
parts. The constitutive relation for a lamina was defined in eq. 4.6 and is rewritten here: 
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Refer to Figure 4.2 for the global coordinate system (x, y, z) for a laminate plate and the local 
coordinate system (1, 2, 3) for a lamina.  
The displacements for a lamina from classical laminate theory (CLT) are given as 
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From the Kirchhoff–Love hypothesis for a thin plate, the rotation terms in eq. 4.13 
become
0 0,x yw x w y       . The strains of the laminate are written as  
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where 0
xx  and 
0
yy  are mid-plane strains in the laminate; 
0
xy is the mid-plane shear strain in the 
laminate; 
xxk and yyk  are bending curvatures in the laminate; xyk is the twisting curvature in the 
laminate; and z is the distance from the mid-plane in the thickness direction.  
The constitutive relation for a lamina in laminate co-ordinate system (x, y, z) is written as 
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where ijQ  are transformed material constants and the elements of ijQ are given as 
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where  T  is a transformation matrix.  T is defined as follows: 
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where c is cos , s is sin , and   is the fiber orientation in an anticlockwise direction to the x-
axis. The resultant force and moment per unit width for a laminate with n layers are expressed 
as  
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Using eq. 4.14 and 4.15, eq. 4.18 and 4.19 become 
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       0M k B D         (4.23) 
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where Nxx and Nyy represent the normal forces per unit width in the x and y directions, 
respectively; Nxy is the shear force; Mxx and Myy denote the bending moments in the y–z and x–
z planes; Mxy is the twisting moment; and [A], [B], and [D] are the extensional stiffness matrix, 
coupling stiffness matrix, and bending stiffness matrix for the laminate, respectively.  The 
matrices [A], [B], and [D] are functions of each lamina stiffness matrix [ ]Q and the distance (z) 
from the mid-plane of the laminate to the laminas, where the stiffness matrices are written as  
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The mid-plane strains and curvatures can be calculated from eq. 4.21 and 4.23, once we know 
the normal force and moment acting on a lamina. A symmetric laminate layup will have 
identical lamina material, thickness, and fiber orientation located at an equal distance above 
and below the mid-plane of the laminate. For a symmetric laminate, the coupling matrix [B] = 
[0], and therefore there is no extension–bending coupling. Then, the strains for a symmetric 
laminate subjected to in-plane forces are given from eq. 4.21 as 
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Strains for a symmetric laminate subjected to only transverse loads are given from eq. 4.23 as 
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Uniaxial tensile loading along the x-axis: In the uniaxial tensile test, the load is applied 
in the x-axis direction. For laminate thickness h, xx xxN h Nyy = 0, and Nxy = 0. The stress–
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strain relation for the uniaxial tensile test is 0
xx xx xxE  . Using the relation eq. 4.25, the 
modulus of elasticity along the x-axis direction of the laminate is calculated as follows: 
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11
1
[ ]
xxE
A h
           (4.27) 
Flexural loads along the z-axis: In the three-point bending test, the load is applied in 
the z-axis direction. For laminate thickness h, 0xxM  , Myy = 0, and Mxy = 0. The relationship 
between flexural stress and stiffness is written as f f f
x xx xxE   . Using eq. 4.26, the flexural 
modulus of elasticity of the laminate along the x-axis direction is given as follows: 
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           (4.28) 
The elastic moduli E1, E2, G12, and ν12 of the lamina, which were found from the experimental 
tensile test results, can be used in the calculation of matrices [A], [B], and [D]. Then, Exx and 
f
xE of the laminate can be calculated using eq. 4.27 and 4.28, respectively. More details about 
laminate theory are available in [152].  
First-ply criterion for failure analysis of printed parts: In the first-ply failure criterion, 
the part is said to have failed when the one of the plies (layer/lamina) of the part meets the 
failure criterion. Here, Tsai–Hill failure theory is employed for the preliminary failure 
investigation of printed parts. The failure criterion for a planar stress is written as  
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Failure analysis is performed using Altair Hyperworks commercial FE software. More details 
about FE modeling of composite laminates can be found in the Altair manual[153]. The outline 
of the FE method for the analysis of printed parts is presented at end of this section. 
Special case: A unidirectional laminate with off-axis fibers is subjected to a tensile load. 
The stress in that laminate can be written as  
2
1 cosx    , 
2
2 sinx   , 12 sin cosx         (4.30) 
Upon substituting of the above equation in eq. 4.29, it can be written as  
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Shear strength (S) can then be calculated from the above equation.  
4.2.3 Boundary value problem for finite element analysis of printed parts 
The strong form of the boundary value problem for the linear elastostatic of a thin plate 
can be written as  
, 0jij x if       Equilibrium equations    (4.32) 
i ij jt n     Traction conditions on boundary surface    (4.33) 
ˆ
i iu u     Displacement conditions on boundary surface u   (4.34) 
The strain–displacement relation can be given as 
, ,( ) / 2j iij i x j xu u             (4.35) 
The constitutive relation for a plate with the plane stress problem is given as  
      Q            (4.36) 
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The strong form of the above boundary value problem can be written as a weak formulation for 
the FE model using the principle of virtual displacement (or total potential energy principle), 
resulting in the following formulation:  
  ˆ0
e e e
ij ij i i i i
V V S
dV f u dV t u dS              (4.37) 
where eV  denotes volume of element e and eS is the boundary of e  
The terms in eq. 4.37 can be rewritten with the x, y, and z co-ordinate system for a laminate;
11 12 22 11 12 22 1 2, , , , , , , ,xx xy yy xx xy yy u u u v                   1 2 3, , ,x zf f f f f fy   and 
1 2 3, ,x zt t t t t ty    Then, eq. 4.37 becomes  
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e e e
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z z
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f tdx dy dz dx dy dz dSv v
w wf t  
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 
      
       
         
       
      
       (4.38) 
Finite element model: Let us write approximations for the primary variables u0, v0, w0, 
x , and y in eq. 4.13 over 
e  by using FE interpolations 
0 0 0, , , ,i ii i i i i i x x i y y iu u N v v N w w N N N            (4.39) 
The above variables can be written as     0 0 0
T
x yu v w N d      (4.40) 
where Ni denotes the shape functions of the FE and matrix [N] can be written as  
  1 2
1 2
... 0 0 ... 0
0 0 ... 0 ...
N
 
  
 
n
n
N N N
N N N
 
where vector d represents the degrees of freedom and can be written as 
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   
1 11 1 0
... ... ... ... ...
n n
T
n n n x x y yd u u v v w w      
Strains can be rewritten as    B d         (4.41) 
where    
0
1
1
B
B z
B
 
  
 
is a derivative of shape/interpolation functions N. The stress–strain 
relation for a laminate (refer to eq. 4.15) can be rewritten as 
     B d    Q          (4.42) 
Substituting eq. 4.40–4.42 in eq. 4.38, we then obtain 
                   0
e e e
T T TT T T
z z z
d B B d dxdy dz d N f dxdy dz d N t dS
  
           Q  (4.43) 
         0
T
d K d f q           (4.44) 
     e e e eK d f q             (4.45) 
where  
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For laminate stiffness matrices [A], [B], and [D], refer to eq. 4.24: 
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The mechanical properties of lamina, including the elastic moduli (E1, E2, ν12, and G12) 
and strength parameters (Xt, Yt, and S), are calculated using the tensile test results for 
unidirectionally printed parts (layup 1, layup 3, and layup 5), as explained in section 4.2.1. 
These properties define the constitutive behaviour (eq. 4.12) of a single layer of a printed part. 
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The constitutive matrix of the material can then be used to characterize the mechanical 
behaviour of bidirectionally printed parts subjected to tensile and flexural loads using classical 
laminate theory, as described in section 4.2.2. Finally, the FE failure analysis of printed parts 
is carried out using the first-ply failure criterion for a laminate.  
4.3 Results and Discussion 
4.3.1 Mechanical properties of printed parts 
The mechanical properties of the layers of printed parts are calculated, as explained earlier, 
using tensile test results of layup 1, layup 2, and layup 5. The elastic moduli and strength 
parameters of thick-layered and thin-layered parts fabricated with ABS material and ABS-SCF 
material are presented in Tables 4.1 and 4.2, respectively. Also, standard deviation (± SD) of 
corresponding values provided in tables. Strain data for the calculation of Poisson’s ratio were 
measured using a digital image correlation setup. The strength parameters of the lamina, 
denoted Xt and Yt, are the tensile strengths longitudinally and transversely, respectively, and S 
is the in-plane shear strength. The properties E1, ν12, and Xt were calculated from the results for 
layup 1, and E2 and Yt were obtained from the results for layup 5. The results for layup 3 were 
used for the calculation of G12 and S [152]. The elastic moduli of the layers listed in Tables 4.1 
and 4.2 can define the plane constitutive matrix, which is useful in the stress analysis of the 
printed parts. Further, the strength parameters of the layers are useful for failure analysis of the 
printed parts. The difference in the results for the thick- and thin- layered laminates is due to 
changes in aspects of their mesostructure. The percent difference in the properties of thick-
layered and thin-layered parts fabricated with ABS-SCF is much higher compared with those 
of parts made with ABS material. This difference means that anisotropy is higher in parts 
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fabricated with ABS-SCF material than in parts fabricated with ABS only. The presence of SCF 
reinforcements in ABS material promotes anisotropy in these printed parts. 
Table 4.1. Mechanical properties of the layers of printed parts with ABS material. 
 Thick lamina (t1) Thin lamina (t2) 
E1, MPa 1757.7 ± 29.5 2023.6 ± 96.8 
E2, MPa 1587.3 ± 28.7 1637.6 ± 129.1 
G12, MPa 612.6 ± 25.1 744.7 ± 13.9 
ν12 0.35 ± 0.05 0.32 ± 0.06 
Xt, MPa 39.1 ± 0.33 39.6 ± 0.8 
Yt, MPa 21.1 ± 1.1 22.9 ± 2.9 
S, MPa 16.1 ± 2.5 21.3 ± 1.4 
 
Table 4.2. Mechanical properties of the layers of printed parts with ABS-SCF material. 
 Thick lamina (t1) Thin lamina (t2) 
E1, MPa 2684.2 ± 98.5 4120.4 ± 72.4 
E2, MPa 1545.7 ± 9.1 1654.3 ± 90.2 
G12, MPa 624.7 ± 7.1 770.0 ± 21.6 
ν12 0.34 ± 0.04 0.32 ± 0.05 
Xt, MPa 26.1 ± 0.9 40.7 ± 0.6 
Yt, MPa 14.6 ± 0.3 14.9 ± 0.7 
S, MPa 11.8 ± 0.6 14.6 ± 1.5 
4.3.2 Mechanical behaviour characterization of bidirectionally printed parts subjected 
to tensile loads 
Let us consider the tensile test results for bidirectionally printed parts with two different 
layup orders: cross-ply laminates (layup 6) and angle-ply laminates (layup 7). The laminates 
with layups 6a and 7a are thick-layered laminates, and those with layups 6b and 7b are thin-
layered laminates. Tensile properties — namely tensile modulus (Ex), ultimate tensile strength 
(Ut), and strain to failure (εt) — of bidirectional laminates fabricated with ABS material are 
presented in Table 4.3 for cross-ply laminates and in Table 4.4 for angle-ply laminates. 
Similarly, the properties of parts fabricated with ABS-SCF material are presented in Table 4.5 
for cross-ply laminates and in Table 4.6 for angle-ply laminates. The CLT was employed to 
characterize the mechanical behaviour of the bidirectionally printed parts subjected to tensile 
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loading, as described in section 4.2.2. The tensile modulus was then calculated based on CLT 
and validated with experimental work.  
In general, the CLT underestimates the elastic modulus of bidirectional laminates. This 
discrepancy is due to the fact that the CLT employs the properties listed in Tables 4.1 and 4.2, 
which were obtained from testing performed with unidirectional laminates. The properties of 
unidirectional laminates, unlike those of bidirectional laminates, are significantly influenced by 
the bonding strength at the interface of the layers, which consequently yields results that are 
inferior. 
Table 4.3. Mechanical properties of cross-ply laminates fabricated with ABS and subjected to 
tensile loading. 
 Thick lamina (t1) Thin lamina (t2) 
Ex, MPa 1783.9 ± 2.7 1953.8 ± 55.8 
Ex, MPa (CLT) 1673.0 1832.4 
Ut, MPa 29.7 ± 0.7 35.7 ± 0.6 
σply, MPa (FE) 25.2 30.3 
εt 0.0367 ±0.0135 0.0498 ±0.0004 
εply (FE) 0.0135 0.0143 
Table 4.4. Mechanical properties of angle-ply laminates fabricated with ABS and subjected to 
tensile loading. 
 Thick lamina (t1) Thin lamina (t2) 
Ex, MPa 1790.7± 16.4 1911.1 ± 20.9 
Ex, MPa (CLT) 1645.6 1885.2 
Ut, MPa 28.0 ± 1.3 32.1 ± 0.7 
σply, MPa (FE) 25.5 31.8 
εt 0.0435 ±0.0049 0.0592 ±0.0081 
εply (FE) 0.0143 0.0158 
 
Table 4.5. Mechanical properties of cross-ply laminates printed with ABS-SCF under tensile 
loading. 
 Thick lamina (t1) Thin lamina (t2) 
Ex, MPa 2863.9 ± 78.7 3311.0 ± 43.1 
Ex, MPa (CLT) 2125.9 2909.9 
Ut, MPa 23.5 ±0.5 31.3 ± 0.4 
σply, MPa (FE) 26.0 37.8 
εt 0.0158 ± 0.0006 0.0214 ± 0.0006 
εply (FE) 0.0097 0.0096 
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Table 4.6. Mechanical properties of angle-ply laminates printed with ABS-SCF under tensile 
loading. 
 Thick lamina (t1) Thin lamina (t2) 
Ex, MPa 2094.6 ± 43.5 2330.8 ± 53.6 
Ex, MPa (CLT) 1733.3 2150.5 
Ut, MPa 21.7 ± 0.5 27.7 ± 0.4 
σply, MPa (FE) 22.7 31.1 
εt 0.0243 ± 0.0011 0.0336 ± 0.0013 
εply, (FE) 0.0105 0.0105 
 
Further, FE simulations for tensile testing of bidirectional laminates were carried out 
for failure analysis, and for that the Tsai–Hill failure criterion was employed. The laminates 
were modeled with 2D PCOMPG finite elements in Hyperworks, and then the uniaxial tensile 
loads were applied at one end of the FE model, as shown in Figure 4.3. The FE model was then 
simulated for failure analysis. Numerical convergence of results was verified by simulating FE 
models of laminates meshed with different size finite elements. The final FE model has 294 
quadrilateral linear finite elements. The principal stresses of the ply just after meeting the ply 
failure criterion are shown in Figure 4.4 for parts fabricated with ABS material and in Figure 
4.5 for parts fabricated with ABS-SCF material. The reported stresses are non-averaged 
elemental stresses. The principal stress (σply) for first ply failure of the laminate and the 
corresponding elastic ply strain (εply) are provided in Tables 4.3 to 4.6. The discrepancy between 
the CLT results and experimental results is due to the properties used in CLT (provided in 
Tables 4.1 and 4.2), as explained earlier. The properties of the lamina listed in Tables 4.1 and 
4.2 were calculated from the tensile test results for unidirectional laminates. The properties 
obtained from the test results for unidirectional laminates, especially those made with ABS-
SCF material, are largely influenced by layer thickness, orientation of reinforcements, and 
bonding at the interface of the layers.  Further, the bonding at the interface of the layers in 
bidirectional laminates is not the same as that in the unidirectional laminates. A detailed 
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microscopic investigation of these parts can reveal the reasons for the discrepancy in the 
experimental and CLT-based results. We address this issue in the next chapter. 
 
Figure 4.3. Finite element model of bidirectionally printed parts subjected to uniaxial tensile 
loading. 
 
 
  
  
Figure 4.4. Failure stresses of a ply of bidirectional laminates fabricated with ABS and 
subjected to uniaxial tensile loading for: (a) thick-layered cross-ply laminate, (b) thin-
layered cross-ply laminate, (c) thick-layered angle-ply laminate, and (d) thin-layered 
angle-ply laminate.  
 
 
 
 
  
Figure 4.5. Failure stresses of a ply of bidirectional laminates fabricated with ABS-SCF and 
subjected to uniaxial tensile loading for: (a) thick-layered cross-ply laminate, (b) thin-
layered cross-ply laminate, (c) thick-layered angle-ply laminate, and (d) thin-layered 
angle-ply laminate.  
 
(a) (b) 
(c) (d) 
(a) (b) 
(c) (d) 
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4.3.3 Mechanical behaviour characterization of bidirectionally printed parts subjected 
to flexural loads 
Let us consider the three-point bending test results for cross-ply and angle-ply printed 
laminates. The laminates with layup 8a and layup 9a are thick-layered laminates, and those with 
layup 8b and layup 9b are thin-layered laminates. Flexural properties — namely flexural 
stiffness (Efx) and flexural strength (
f
xU ) — of bidirectionally printed laminates are presented 
in Table 4.7 for ABS material and in Table 4.8 for ABS-SCF material. The CLT was employed 
to characterize the flexural behaviour of the bidirectional laminates, as explained in section 
4.2.2. To do so, flexural stiffness of the bidirectional laminates was calculated using CLT and 
then validated with experimental work. The difference between the experimental and analytical 
results for the printed laminates indicates that the laminate theory underestimates flexural 
stiffness. This inaccuracy is due to the elastic moduli of the lamina from Table 4.1 and 4.2 being 
employed in the calculation of stiffness using CLT. The flexural stiffness (Efx) and flexural 
strength ( f
xU ) of thin-layered laminate layups are higher than that of thick-layered laminates.  
Table 4.7. Flexural properties of bidirectional laminates fabricated with ABS material. 
 Efx, MPa CLT E
f
x, MPa 
f
xU , MPa 
Thick-layered laminate (t1)    
Layup 8a 1818.1 ± 49.5 1698.2 41.4 ± 0.7 
Layup 9a 1813.9 ± 17.8 1645.5 41.1 ± 1.1 
Thin-layered laminate (t2)    
Layup 8b 2382.7 ± 74.0 1875.6 50.5 ± 1.4 
Layup 9b 2324.5 ± 34.3 1884.7 52.7 ± 0.8 
 
The percent difference between the experimental and analytical (CLT) stiffness values 
for the isotropic laminates is smaller when compared with the percent difference for the 
composite laminates. This discrepancy is due to the presence of SCF reinforcements, which 
make the laminate stiffer. Furthermore, the flexural stiffness of composite laminates is much 
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higher than that of laminates printed with ABS only; however, the flexural strength of the latter 
parts is higher. This effect is mainly due to the presence of SCF reinforcements in the composite 
laminates, which further promotes brittleness in the laminates. Therefore, the composite 
laminates experience failure earlier than laminates printed with ABS material only. To further 
quantify the influence of the constituents of the mesostructure of composite parts on the 
properties of the parts, a detailed investigation of the microstructure of parts fabricated with 
composite material is essential. The microstructure of composite parts is the subject of the next 
chapter. 
Table 4.8. Flexural properties of bidirectional laminates fabricated with ABS-SCF material. 
 Efx, MPa CLT E
f
x, MPa fxU , MPa 
Thick-layered laminate (t1)    
   Lay-up 8a 3121.6 ± 195 2294.3 38.1 ± 1.2 
   Lay-up 9a 2330.6 ± 32.0 1729.7 38.9 ± 0.7 
Thin-layered laminate (t2)    
   Lay-up 8b 4295.4 ± 86.6 3187.3 51.4 ± 0.9 
   Lay-up 9b 2864.2 ± 19.0 2144.4 47.8 ± 0.5 
4.4 Conclusions 
This work began by applying laminate mechanics to tensile test results to calculate the 
material properties of printed parts. Then, the mechanics of the printed parts were explored by 
characterizing their mechanical behaviour under tensile and flexural loads. The major findings 
of this work are as follows: 
 The layers of printed parts behave like lamina reinforced with unidirectional fibers, and 
therefore the layers are treated as orthotropic material. Laminate mechanics were then 
applied to tensile test results for unidirectionally printed parts to calculate material 
properties — namely elastic moduli and strength parameters — of the layers of the 
printed parts.  
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 The material properties were then employed in the constitutive relation of the laminate 
theory to characterize the mechanical behaviour of bidirectionally printed parts 
subjected to tensile and flexural loads. In general, the laminate theory underestimated 
the material properties of bidirectionally printed parts. This is mainly due to the 
significant influence of bonding strength at the interface of adjacent fibers in 
unidirectionally printed parts, whose properties were used to estimate the material 
properties of a lamina in bidirectionally printed parts.  
 In general, the percent difference between the experimental results and the analytically 
estimated results (CLT) is higher for parts fabricated with ABS-SCF than for those 
fabricated with ABS only. Furthermore, the difference in the properties of thick-layered 
and thin-layered parts fabricated with ABS-SCF is higher than the difference in the 
properties of parts fabricated with ABS only. It means that anisotropy in the material 
properties of parts fabricated with composite material (ABS-SCF) is higher than that of 
parts made with ABS only. The presence of more highly anisotropic properties in the 
composite parts could be mainly due to variation in the constituents, such as the size 
and orientation of SCF reinforcements and also their percentage by volume in the 
mesostructure of the 3D printed parts. 
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Chapter 5 Morphometric Analysis of Composite 3D 
Printed Parts 
Summary: In the previous chapter, a study of the material behaviour of printed parts revealed 
that parts made of composite material (ABS-SCF) have greater anisotropy than those fabricated 
with isotropic material (ABS) only. Morphometric analysis of printed composite parts using a 
micro-CT scanner can uncover the reasons for this discrepancy. In this chapter, the 
microstructure of printed parts is characterized, and the influence of the constituents of the 
material on the properties of printed parts is studied.  
5.1 Introduction 
Microcomputed tomography (micro-CT) is a non-destructive X-ray imaging technique 
used to study the morphology of a material. Characterization of the microstructure of a material 
can be done using a micro-CT scanner, which includes quantifying a material’s microstructural 
features. The advantage of this technique is that, unlike other optical and scanning electron 
microscopes, CT scanning does not require destructive testing techniques as part of sample 
preparation. Moreover, other methods also require the cutting, polishing, staining, and coating 
of samples. This benefit of CT scanners allows us to view intricate details of the microstructure 
of a material in its unaltered state. In addition, higher-resolution 2D images and also 3D models 
can be obtained using a micro-CT scanner. 3D models of the microstructure are .stl files and 
can be imported using CAD tools. These 3D models are also useful in further material modeling 
using computer-aided engineering (CAE) tools. A micro-CT scanner is particularly useful for 
composite materials because of its ability to capture the heterogeneity of the material. The 
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material properties of composites are governed by its constituents, and therefore the 
quantification of these constituents is important to investigate the material’s behaviour.  
In this work, a micro-CT scanner is used to conduct a morphometric analysis of printed 
composite parts. Constituents of the microstructure of thick-layered and thin-layered composite 
parts are quantified. Then, the scan data are used to generate a 3D model of the microstructure 
for both thick-layered and thin-layered composite parts. This study is the first of its kind to 
carry out morphometric analysis of composite 3D printed parts using a micro-CT scanner. 
5.2 Micro-CT scanning 
The working principle of a micro-CT scanner is shown in Figure 5.1 [154]. The object 
of interest is positioned to rotate while exposing it to an X-ray generator for a specific period 
of time. The rays penetrate the object and reach the detector, and then provide the X-ray shadow 
2D images containing microstructural information about the 3D object. The images are 
reconstructed using an algorithm [154] to carry out image analysis and obtain the desired 
microstructural information.  
In this study, a SKYSCAN 1272 micro-CT scanner (Bruker Corporation) was used to 
scan the composite parts. The scanning generates several radiographic images of the filament. 
Reconstruction of the images was performed using Bruker’s NRecon program, which outputs 
grayscale images of a cross-section of the filament. The reconstruction results can be used by 
other Bruker programs, such as DataViewer, CT-analyser (CTAn), and CT-volume (CTVol). 
DataViewer is used to visualize the cross-section of the filament, CTAn to study morphometry 
and also build 3D models of the microstructure, and CTVol to conduct surface rendering of 3D 
models of the material’s microstructure. 
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Tomography images provide information about the constituents of the composite 
material, such as the matrix and its reinforcements, their size and shape, and their orientation 
and distribution. Moreover, the scanning images are useful in the construction of the 3D 
geometry of the microstructure of the printed parts. Microstructural features such as 
reinforcements and voids — including their size, shape, orientation, and distribution in the 
material of the printed parts — influence the overall properties of the material. Therefore, the 
quantification of such parameters is important to estimate the overall properties of the printed 
parts. 
 
Figure 5.1. Working principle of a CT scanner [154]. 
5.3 Morphometric analysis using a micro-CT scanner 
To characterize the microstructure of printed composite parts, the composite filament 
used for printing was first scanned. Then, unidirectionally printed parts consisting of two 
different layer thicknesses were scanned. The parameters employed for scanning are presented 
in Table 5.1. 
Table 5.1. Parameters used for micro-CT scanning of 3D printed parts. 
Parameter Value  
Filter None 
Resolution 1 μm/pixel 
Image size 4904 × 3280 pixels 
X-ray voltage 40 kV for filament  
35 kV for thick-layered part 
30 kV for thin-layered part 
X-ray intensity 200 μA 
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Let us now consider a composite filament analyzed by micro-CT scanning. The filament 
(2.85 mm diameter, 20 mm length) is taken from the spool supplied by the manufacturer and 
then scanned. The composite filament used for scanning is shown in Figure 5.2. Morphometric 
analysis of the filament material reveals the size, shape, and distribution of the short carbon 
fiber (SCF) reinforcements and their percent volume before the parts are printed. Any variation 
in such data after the parts are printed can affect the material behaviour of the parts. The high-
resolution (1 µm/pixel) 2D images shown in this section were obtained using DataViewer, and 
the 3D models were obtained using CTAn as well as CTVol.  
A cross-sectional image of the filament X-ray micrographs is shown in Figure 5.3. The 
black areas in the radiographs are the denser material, representing carbon fiber, and the rest of 
the image is ABS material. The SCF reinforcements are oriented along the length of the 
filament. The distribution and orientation of the SCF reinforcements in the filament material is 
shown in Figure 5.3b. The length of CF reinforcements varies from 10 to 278 µm. The diameter 
of the SCF is around 7.5 µm, and its proportion in the filament material is around 10.60%. The 
accuracy of the results of the morphometric study was confirmed by analyzing filaments of 
different lengths (0.2, 0.4, and 1 mm) as well as three filament samples taken at different lengths 
of the filament spool. 
 
Figure 5.2. Composite filament material used for scanning. 
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Figure 5.3. Tomographic images of a composite material filament: (a) cross-sectional image; 
(b) distribution and orientation of carbon fiber in the filament. 
Next, let us consider a thick-layered unidirectionally printed laminate for micro-CT 
analysis. A small volume of the material was taken from the thick-layered unidirectionally 3D 
printed tensile test coupon for scanning. Then, tomographic images of the laminate were used 
to characterize the laminate’s microstructure. The cross-section of the laminate with four layers 
is shown in Figure 5.4. The mesostructure of the laminate has triangular-shaped voids (black 
dotted lines in Fig.5.4a) between the adjacent layers. These voids are continuous and exist at 
the interface of all layers of the laminate; further, these voids are inherited from the printing 
methodology. However, the size of these voids can be minimized by increasing the overlap 
between the adjacent roads in a layer. 
In addition, the mesostructure has irregularly shaped enclosed voids (black continuous 
lines in Figure 5.4a), and these are present within the fibers (extruded filament) of the laminate. 
The presence of these enclosed voids within the fibers is the main reason for the lower strength 
and stiffness of the thick-layered printed parts. Furthermore, the enclosed voids within the fibers 
promotes early failure of the thick-layered composite parts. The black areas in the image are 
(a) (b) 
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SCF material, and the gray area is ABS matrix. The orientation and distribution of the SCF 
reinforcements (highlighted with red continuous lines) in the thick-layered part can be seen in 
Figure 5.4b. Most of the SCFs are oriented in the same direction as the fiber, meaning they are 
aligned with the printing direction, but some SCFs are not aligned owing to the presence of 
enclosed voids within the fiber.  
Next, individual fibers of different lengths (0.2, 0.3, 0.4 mm) were selected for 
morphometric analysis by CTAn. The length of SCFs is not uniform and varies from 10 to 276 
µm in thick-layered parts. The length distribution of SCFs in a representative volume of 
material (RVE, or representative volume element model) of the microstructure of a filament 
(red dotted line in Figure 5.4) is shown in Figure 5.5. SCFs with a length of 10–50 µm represent 
around 75% of the volume, and mean length is around 40 µm. The percentage of SCFs in the 
selected fiber volumes is around 10.50%. A 3D model generated for the RVE is shown in Figure 
5.6. Microstructural features such as size and shape of the enclosed voids, their distribution in 
a fiber, as well as the orientation and distribution of SCF reinforcements can be seen in Figure 
5.6. The shape and size of enclosed voids are irregular. Furthermore, the distribution of 
enclosed voids is concentrated in the centre of the fiber, with fewer present at the interface of 
the fibers. This means that the interfacial bonding strength between adjacent fibers is not greatly 
influenced by the enclosed voids. The enclosed voids also caused a disturbance in the 
orientation of the SCF reinforcements in the extruded fibers. In other words, the SCF 
reinforcements are not well aligned with the printing direction, especially in the centre of the 
fiber, where the enclosed voids are more concentrated. 
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Figure 5.4. Thick-layered composite 3D printed part: (a) mesostructure; (b) cross-sectional 
view taken at X–X. 
 
 
Figure 5.5. Length distribution of SCFs in an RVE volume of a thick-layered composite 3D 
printed part. 
 
 
RVE 
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Figure 5.6. 3D models of the mesostructure of a thick-layered printed part obtained from 
micro-CT scanning: (a) orientation of short carbon fibers in the printed part; (b) RVE 
model. 
 
Next, the same CT analysis procedure was repeated for a small volume of a thin-layered 
laminate. The mesostructure of the laminate obtained from the scanner is shown in Figure 5.7a. 
The mesostructure has voids at the interface of the layers, but the enclosed voids within the 
fibers are minimal compared with those present in the thick-layered laminates. The orientation 
and distribution of SCF reinforcements in the fiber can be seen in Figure 5.7b. The SCF 
reinforcements are well aligned in the printing direction when compared with their alignment 
in the thick-layered laminate. The length of SCF reinforcements varies from 10 to 152 µm, and 
the reinforcements are also spatially dispersed in the fibers. In these printed laminates, the 
maximum length of an SCF is approximately equal to the layer thickness, and therefore the 
longer SCFs above the layer thickness are subject to fracture while material is being deposited 
by the 3D printer. A fracture occurs because the gap between the nozzle tip and the previously 
deposited layer is approximately equal to the layer thickness, and therefore it cannot 
accommodate longer SCF reinforcements. The length of SCFs is not uniform, as shown by their 
length distribution in the RVE in Figure 5.8. SCFs with a length of 10–50 µm represent around 
85% of the volume, and mean length is ~32 µm. The percent volume of SCF material in the 
selected volume of fiber is ~10.30%.  
(b) (a) 
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A representative volume of material (RVE; red dotted lines in Figure 5.7a) was 
considered for morphometric analysis by CTAn. The 3D model generated for the RVE is shown 
in Figure 5.9. The orientation and distribution of SCF reinforcements in the thin-layered parts 
can seen in Figure 5.9a. The 3D model file is an .stl file that can be imported into a commercial 
FE package for material modeling of the printed part using numerical homogenization. 
 
Figure 5.7. Thin-layered 3D-printed composite part: (a) mesostructure; (b) cross-sectional 
view taken at Y–Y. 
 
 
Figure 5.8. Length distribution of SCFs in an RVE volume of a thin-layered composite part. 
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Figure 5.9. 3D models of the mesostructure of a thin-layered printed part obtained from 
micro-CT scanning: (a) orientation of SCFs in the printed part; (b) RVE model for 
homogenization. 
 
5.4 Conclusions 
In this study, a micro-CT scanner was used to carry out a morphometric analysis of the 
composite material of printed parts (thick-layered, thin-layered). The microstructure of the 
printed parts was characterized, and the influence of the constituents of the microstructure on 
the material’s properties was revealed. The constituents of the microstructure — namely size, 
shape, distribution, and percentage volume of SCF reinforcements — were quantified. Further, 
3D microstructural models were generated using the micro-CT scanner. The microstructural 
data for printed parts and 3D microstructure models obtained from the CT scanner are useful 
for material modeling. Finally, this study unveiled the following reasons for the difference 
between the material properties of thick- and thin-layered composite printed parts:  
 Continuous voids are present at the interface of the layers of thick- and thin-layered 
printed parts. Moreover, irregularly shaped enclosed voids exist in the fibers of thick-
4
0
0
 μ
m
 
(a) 
(b) 
76 
 
layered parts but not that of thin-layered parts. The enclosed voids in thick-layered 
composites parts lead to poorer properties compared with thin-layered parts. 
 The orientation of SCFs is well aligned with the printing direction (fiber orientation) in 
thin-layered parts, but that is not the case for thick-layered parts. The reason is that the 
enclosed voids in thick-layered parts cause a disturbance in the orientation of SCFs with 
the printing direction. Variation in the orientation of SCFs in thick-layered parts 
promotes anisotropy. 
 The length of SCFs is not uniform in printed parts. Length varies from 10 to 276 µm in 
thick-layered parts and from 10 to 152 µm in thin-layered parts. The maximum length 
of SCFs is lower in thin-layered parts, and for that reason the lamina of thin-layered 
parts are subject to fracture. Furthermore, the mean length of SCFs is 40 µm in thick-
layered parts and 32 µm in thin-layered parts. Moreover, the length distribution in thick-
layered and thin-layered parts is not the same: the percentage of SCFs with a length of 
10–50 µm is ~75% in thick-layered parts and 85% in thin-layered parts. Such 
differences in the length of SCFs results in anisotropic material properties. However, 
the SCFs are spatially dispersed and their volume percentage in ABS material is nearly 
the same in the printed parts.  
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Chapter 6 Numerical Homogenization of 3D 
Printed Parts 
Summary: The final material properties of printed parts depend on the parts’ mesostructure, 
which is produced through layer-by-layer deposition of material during the 3D printing process. 
Assessing the final properties of printed parts experimentally is tedious and time consuming. 
These issues can be mitigated by employing computational models instead. In this work, the 
homogenization computational method is used to estimate the final material properties of parts 
fabricated with ABS as well as ABS-SCF materials.  
6.1 Introduction     
Anisotropic material behaviour of printed parts is the result of variation in 
mesostructure, which is produced through layer-by-layer deposition of material during the 3D 
printing process. The mesostructure governs the overall properties of printed parts. These 
mesostructures consist of the size, shape, and orientation of fibers; the material (isotropic or 
composite) of the fibers; the shape and percent volume of reinforcements in the fibers of 
composite material; and the voids inherited from the printing process. Any variation in these 
features of the mesostructure greatly influences the final properties of printed parts. Moreover, 
the printing strategy can define the architecture of the parts’ mesostructure for 3D printing, 
which means that the printing strategy also governs the material properties of printed parts. 
Consequently, the mesostructure of the material used in 3D printing can be tailored to obtain 
the desired material properties. During design and analysis of the parts for 3D printing, the final 
material properties and constitutive matrix must be considered to account for the final behaviour 
of the material. Therefore, the final constitutive matrix needs to be estimated. Experimental 
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determination of the final properties of a 3D printed part for different mesostructures is tedious 
and time consuming. Multiscale methods are the more efficient alternative [155,156]. 
Analytical multiscale methods such as the Mori–Tanaka model are limited in their modeling of 
RVE (representative volume element); any such limitation can be mitigated by using 
computational multiscale models [157]. In this work, the computational method known as the 
numerical homogenization technique [158] is used to perform material modeling of 3D printed 
parts in order to estimate the final material properties of the parts.  
When mechanical testing has been used to determine the material behaviour of printed 
parts [130], the results of these tests have revealed that the behaviour of the layers of the parts 
is orthotropic. Researchers have also attempted to experimentally characterize the mechanical 
behaviour of printed parts [70]. Analytical methods [49,129], such as the rule of mixtures, have 
been used to determine the overall material properties of the layers of 3D printed parts. 
However, these past efforts to define the constitutive matrix of the material of printed parts 
have been experimental. Moreover, the effect of the shape of voids in the mesostructure was 
not considered, and therefore the experimental results are applicable only to parts fabricated 
with isotropic material. In addition, these published works have calculated the elastic moduli 
for a constitutive matrix only in the plane stress case. However, computational methods for 
estimating the overall material properties of 3D printed parts have yet to be explored. To 
address this gap, computational methods are applied to material modeling — using data on the 
constituent properties of the microstructure of the parts — to determine the overall material 
properties of 3D printed parts.  
This chapter describes the procedure for computationally estimating the material 
constitutive matrix of parts fabricated with either ABS or ABS-SCF material. To do this, the 
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numerical homogenization technique is applied to the RVE of 3D printed parts. Then, finite 
element (FE) modeling of the RVE of printed parts is presented. FE modeling of the RVE of 
composite material employs the micro-CT data from the previous chapter. FE models of the 
RVE for thick-layered and thin-layered parts made with either ABS or ABS-SCF material are 
employed in simulations. The simulation results are then used to calculate the constitutive 
matrix for the layers of the 3D printed parts.  
6.2 Homogenization method for 3D printed parts 
Let us consider the mesostructure of 3D printed parts. The basic constituents of the 
mesostructure are the size, shape, and orientation of the extruded fibers; voids inherited from 
the printing strategy for parts fabricated with only isotropic (ABS) material; and the size, shape, 
and orientation of reinforcements (SCFs), as well as their percent volume, in the mesostructure 
of parts fabricated with composite (ABS-SCF) material. In general, for composite parts, the 
SCF reinforcements are transversely isotropic, and the rest of the material in the mesostructure 
is isotropic. The properties of a composite material depend on the constituents’ material 
properties and their volume fraction. The mechanical performance of parts fabricated with 
composite material depends on many variables: the choice of constituent materials and their 
volume fraction, fiber orientation and ply stacking sequence, number of laminae, lamina 
thickness, and lamina architecture.  
To produce reliable 3D printed parts, the printing strategy must be modified so that the 
resulting parts have the desired final properties. The desired final properties can be obtained by 
varying the constituents, their volume percentage, or both and by changing the printing strategy 
to further tailor the mesostructure. The final properties of parts fabricated with composite 
materials are calculated using micromechanical models based on the known properties of the 
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material constituents. Since a printed part is considered a continuum, a small volume is taken 
from the mesostructure of a printed part for material modeling. This small volume is known as 
a representative volume element (RVE), or unit cell, and represents the periodic architecture of 
a printed part. The prediction of the effective stiffness matrix (elastic moduli) of the layers of 
the printed parts from the mesostructure of the constituents’ properties is known as 
homogenization. There are two types of homogenization methods: analytical and numerical. 
Micromechanical models are also useful for damage analysis. The detailed procedure for 
constructing a micromechanical model is explained below. 
To carry out numerical homogenization, the RVE is considered from the periodic 
architecture of the 3D printed part. The RVE consists of the constituents of a composite 
material, namely the SCFs and matrix, as well as the voids inherited during the printing process. 
The RVE of a printed part (Figure 6.1) is taken from a single layer of the part, as each layer is 
considered orthotropic material, meaning that the layers of the printed parts are treated like 
orthotropic laminae. The numerical homogenization technique estimates the effective 
constitutive matrix of the layers of the composite printed part using the properties and geometric 
features of the mesostructural constituents. The mechanics of homogenization for a composite 
material are presented below. 
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Figure 6.1. Representative volume element (RVE) of a composite 3D printed part. 
In the homogenization method, the RVE is treated as a macroscopically homogeneous 
orthotropic material. The RVE is defined by local coordinate system x1, x2, and x3, which are 
aligned in the direction of the length, width, and thickness, respectively, of the printed laminate. 
The stresses
ij and strains ij are the local fields at a point in the RVE. In a macroscopically 
homogeneous RVE, the macroscopic fields — that is, the average stresses 
ij  and average 
strains
ij — are computed by averaging the local stresses and strains over the volume of the 
RVE (VRVE), respectively. These are given as 
1 2 3
RVE
1
( , , )ij ij
V
x x x dV
V
   ,   1 2 3
RVE
1
( , , )ij ij
V
x x x dV
V
      (6.1) 
The average stress of a fiber and matrix are written as  
1 2 3
1
( , , )
f
f
ij ij
f V
x x x dV
V
   , 1 2 3
1
( , , )
m
m
ij ij
m V
x x x dV
V
       (6.2) 
Similarly, the strains are given as  
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1 2 3
1
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ij
f V
x x x dV
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   , 1 2 3
1
( , , )
m
m
ij ij
m V
x x x dV
V
       (6.3) 
where f and m represent the fiber (SCF reinforcements) and matrix (ABS), respectively, in this 
model. The relationship between the fiber and matrix averages and the overall average are given 
as  
f m
ij f ij m ijv v             (6.4) 
f m
f ij m ijv v             (6.5) 
The strain energy (U*) stored in the heterogeneous RVE of the volume VRVE is 
RVE
* 1
2
ij ij
V
U σ ε dV           (6.6) 
The strain energy (U) calculated for the homogeneous RVE using a homogenized modulus is 
RVE
1
2
ij ijU V           (6.7) 
The main principle of the homogenization model is to find a globally homogeneous medium 
equivalent to the original microscopically heterogeneous material, where the strain energy 
stored in both systems is approximately the same. That means 
U*=U           (6.8) 
The elastic constitutive relation of the material for a homogenized RVE is given as 
      C            (6.9) 
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where [C] is an effective constitutive matrix of the orthotropic material 
 
11 12 13
12 22 23
13 23 33
44
55
66
0 0 0
0 0 0
0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
C C C
C C C
C C C
C
C
C
 
 
 
 
  
 
 
 
  
C        (6.10) 
and the compliance matrix [S] can be written as  
 
1 12 1 13 1
12 1 2 23 2
13 1 23 2 3
23
13
12
1 0 0 0
1 0 0 0
1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1
E E E
E E E
E E E
G
G
G
 
 
 
  
  
 
  
  
 
 
 
  
S     (6.11)  
where [C] is equal to [S]–1, as mentioned earlier. The unknown elements in the constitutive 
matrix of eq. 6.9 can be calculated by solving for different load cases.  
Boundary conditions: A periodic microstructure is present in the printed parts, and 
therefore the RVE is subject to periodic boundary conditions. These conditions represent the 
continuum of the physical body. The displacement field on the boundary of the RVE can be 
expressed as  
0 *
1 2 3 1 2 3( , , ) ( , , )i ik k iu x x x x u x x x         (6.12) 
where 0
ik is a constant strain tensor. The first term on the right side of eq. 6.12 represents a 
linearly distributed displacement field, and the second term on the right side,
*
1 2 3( , , )iu x x x , is a 
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periodic function from one RVE to another. The periodic function u* in eq. 6.12 is unknown, 
and therefore the displacement cannot be directly applied to boundaries of the RVE. These 
periodic boundary conditions are suitable for parallelepiped RVE models. The displacements 
on the pair of parallel opposite boundary surfaces is written as 
0 *j j
i ik k iu x u
             (6.13) 
0 *j j
i ik k iu x u
            (6.14) 
where the indices j+ and j– identify a pair of two opposite parallel boundary surfaces of the 
RVE. The 
*
iu  is the same as two parallel boundaries owing to periodicity. Therefore, the 
difference between the above two equations is  
0 0( )j j j j ji i ik k k ik ku u x x x 
             (6.15) 
The right side of the equation becomes constant, since 
j
kx are constants for each pair of the 
parallel boundary surfaces with specified 
0
ik . Equation 6.15 is easily applicable to FE models 
as a nodal displacement constraint and also guarantees traction continuity along with 
displacement continuity for a periodic RVE model [159].  
Boundary value problem: A boundary value problem is solved using the FE method. 
The numerical (FE) models are well suited to determining the effective stiffness of 
heterogeneous materials, because there is no restriction on the geometry, number of phases, or 
size of the phases. In FE-based micromechanical models, the prediction of effective properties 
is done using the RVE (i.e., unit cell). Equation 6.9 gives the relation between average stresses 
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and strains over the RVE volume for a homogeneous composite material. From this equation, 
the effective stiffness tensor C is calculated. To evaluate the stiffness tensor of composite 
material, the RVE is subjected to six different strains 
0
ik . The six components of strain 
0
ij  (i,j 
=1,…,3) are applied, enforcing the displacement boundary conditions. The strain on the 
boundary results in complex state of strain inside the RVE. The components of the tensor C are 
determined by solving six elastic models of an RVE subjected to the boundary conditions, 
where only one component of strain 
0
ij  is different from zero for each of the six problems. An 
FE model for an RVE subjected to unit strain is prepared for six different strain load cases for 
analysis. The results of the analysis enable us to compute the stress field 
ij  and strain field ij
, whose averages are useful for calculating the unknown values of the effective constitutive 
matrix, one column at time.  
The strong form of the boundary value problem for linear elastostatic is written as  
, 0jij x if       Equilibrium equations    (6.16) 
i ij jt n     Traction conditions on boundary surface     (6.17) 
ˆ
i iu u     Displacement conditions on boundary surface u   (6.18) 
The strain–displacement relation is given as 
, ,( ) / 2j iij i x j xu u             (6.19) 
The constitutive relation for a fiber and matrix is given as  
   f f f    C           (6.20) 
   m m m    C          (6.21) 
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The strong form of the above boundary value problem can be written as a weak formulation for 
the FE model using the principle of virtual displacement (or total potential energy principle). 
We then obtain  
  ˆ0
e e e
ij ij i i i i
V V S
dV f u dV t u dS              (6.22) 
where eV  denotes the volume of element e and eS is the boundary of e . Let us now write 
approximations for the primary variables ui over the 
e  by using FE interpolations. 
The variables can be written as  
1
n
j
i i i
j
u N u

            (6.23) 
where i represents subscript of primary displacement variable for 1 to 3 along axis 1, 2 and 3. 
n denotes the number of nodes of a finite element. The primary variables in vector form can be 
written as 
    iu N d           (6.24) 
where Ni denotes the shape functions of the FE. The matrix [N] for a 3D continuum finite 
element can be written as  
1 2
1 2
1 2
... 0 0 ... 0 0 0 ... 0
0 0 ... 0 ... 0 0 ... 0
0 0 ... 0 0 0 ... 0 ...
n
n
n
N N N
N N N
N N N
 
 
 
  
N  
Vector d, which represents the degrees of freedom, is written as  
   1 1 11 1 2 2 3 3... ... ...
T
n n nd u u u u u u       
Strains can be rewritten as 
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    B d             (6.25) 
The stress–strain relation of a material of an FE can be rewritten as 
       
e
B d  C           (6.26) 
where superscript e denotes the material of an FE, fibre, or matrix. 
Substituting eq. 6.24 to 6.26 in eq. 6.22, we obtain 
                     0
e e e
T e T TT T T
V V V
d B B d dV d N f dV d N t dS      C   (6.27) 
         0
T
d K d f q           (6.28) 
     e e e eK d f q             (6.29) 
6.2.1 Homogenization of an RVE from a printed part with ABS material 
The layers (laminae) of printed parts are treated as an orthotropic layer. Therefore, an 
RVE is considered from a layer of the printed parts for homogenization (Figure 6.2). Table 6.1 
provides the measurements of an RVE from a layer of thick-layered printed parts as well as 
from a layer of thin-layered printed parts. The sizes of the RVE are obtained from microscopic 
images of the printed parts.  
 
Figure 6.2. Dimensions of an RVE from the layer of a printed part. 
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Table 6.1. Measurements (in µm) of an RVE from thick-layered and thin-layered printed parts 
with ABS material. 
 Δx1 Δx2 Δx3 d1 d2 d3 
Thick-layered laminate 200 470 310 160 72 72 
Thin-layered laminate 100 235 155 82 12 42 
 
6.2.2 Homogenization of an RVE from a printed part with ABS-SCF material 
In this case, the mesostructure consists of both ABS material and SCF reinforcements. 
Certain features of the printed part, including the size, shape, orientation, and distribution of 
SCF reinforcements in addition to their percent volume in the RVE, significantly influence the 
material properties of the printed parts. Therefore, micro-CT scanning data on the 
mesostructure of the composite printed parts, which was obtained from work presented in the 
previous chapter, is also used here. Moreover, the 3D RVE models obtained from the scanner 
are useful in the FE modeling of an RVE from composite parts for homogenization. The 3D 
models require some additional post-processing for FE modeling of an RVE for 
homogenization. The procedure is described here for preparing the 3D model of an RVE for 
homogenization. 
The 3D RVE model of the mesostructure of composite parts is first imported into CAD 
software, after which geometry cleanup is performed (Figure 6.3a). When conducting 
homogenization with periodic boundary conditions, the opposite faces of the RVE should be a 
mirror image of one other. This periodic geometry is achieved by cutting the protruding SCF 
reinforcements along the boundary surfaces. Then, the SCF reinforcements are made to appear 
on the opposite boundary surface of the RVE (as described in [160]). The face 1–2–3–4 of the 
RVE has protruding SCF reinforcements (red color in Figure 6.3b); it is cut and then made to 
appear on the opposite face (5–6–7–8) of the RVE (Figure 6.3c). This process is repeated for 
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faces that have protruding reinforcements. The opposite faces of the final RVE will be a mirror 
image of one another. The final RVE (Figure 6.3d) is used for FE meshing. The dimensions of 
the RVE for thick-layered and thin-layered composite printed parts are not the same, and thus 
the measurements are taken from the scanner. Table 6.2 provides the measurements of the RVE 
from thick-layered as well as thin-layered composite printed parts.  
The following assumptions are made about the FE model: perfect bonding exists 
between adjacent fibers and also between the SCF reinforcements and ABS matrix; the fibers 
are uniform in shape and size in the mesostructure of the printed part; the SCF reinforcements 
are uniform in diameter; and finally, the SCF reinforcements are perfectly aligned in the 
orientation of the extruded filament, and the reinforcements are positioned without overlapping 
one another.  
Table 6.2. Measurements (in µm) of an RVE from thick-layered and thin-layered composite 
printed parts with ABS-SCF material. 
 Δx1 Δx2 Δx3 d1 d2 d3 
Thick-layered laminate 80 470 310 160 72 72 
Thin-layered laminate 64 235 155 82 12 42 
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Figure 6.3. RVE of a composite part: (a) imported RVE; (b) RVE with protruding SCF 
reinforcements; (c) RVE with periodic geometry; (d) RVE for FE meshing. 
 
6.3 Results and Discussion 
The RVEs are modeled with linear tetrahedron FEs in Altair HyperMesh. The FE meshing is 
done in such a way that the nodes of elements on opposite boundary surfaces of the RVE are 
suitable for periodic boundary conditions. Then, homogenization is done using Altair 
HyperWorks commercial FE tool. The mesh dependency is avoided by modeling an RVE with 
smaller FEs. The RVE is subjected to six different strains, applied individually using periodic 
boundary conditions (eq. 6.18). That means six different load cases are prepared for six unique 
strains to determine the unknown elements in the constitutive matrix C. The strains applied to 
the RVE in the present analysis are 11 22 33 12 13 23, , , , , 0.10       . The linear material properties 
used in the linear material modeling of the printed parts are provided in Table 6.3. 
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Table 6.3. Properties of materials used in FE modeling. 
 Properties 
Carbon fiber [161] E1 = 225 GPa, E2 = 15 GPa, G12 = 15 GPa, G23 =15 GPa, ν12 = 0.2 
ABS [129] E = 2.23 GPa, ν = 0.34 
6.3.1 FE model of an RVE from a part fabricated with ABS material 
Let us consider the RVE from the layer of a thick-layered printed part fabricated with 
ABS material. The FE model for this case is shown in Figure 6.4. The linear material properties 
of ABS material (Table 6.3) are considered in the analysis. The FE model is simulated for 
homogenization of the material, and unknown elements of the orthotropic constitutive matrix 
are calculated (see explanation of this process in section 6.2). The elements of the constitutive 
matrix are presented in Table 6.4. 
 
Figure 6.4. FE model of an RVE from thick-layered parts fabricated with ABS. 
 
Table 6.4. Constitutive matrix (Cijkl in MPa) for layers from thick-layered parts fabricated 
with ABS. 
C 11 22 33 23 13 12 
11 2821.5 1165.8 1176.7 0.0 0.0 0.0 
22 1165.8 2355.9 1073.1 0.0 0.0 0.0 
33 1176.7 1073.1 2387.8 0.0 0.0 0.0 
23 0.0 0.0 0.0 644.9 0.0 0.0 
13 0.0 0.0 0.0 0.0 681.7 0.0 
12 0.0 0.0 0.0 0.0 0.0 679.6 
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The elastic moduli of the orthotropic material can be calculated from the constitutive 
matrix using eq. 6.11. The elastic moduli for the layers of the thick-layered printed part are 
provided in Table 6.5. The values obtained in the present study using numerical homogenization 
are compared with the elastic moduli derived from experimental work (available in the 
literature; Table 6.5). The elastic moduli from the experimental work can only be useful for the 
constitutive matrix of the plane stress case. The present numerical results are comparable to the 
results of the experimental work. The difference between the results of this study and the 
experimental results (obtained from the literature) is mainly due to the difference in the process 
parameters employed during the printing of the test coupons. This difference is also due to the 
mesostructure represented in the present FE model not being an exact replica of the 
mesostructure found in the test coupons from the experimental work. It is also assumed in this 
work that the bonding between the adjacent fibers is perfect, but in reality perfect bonding is 
not possible in printed coupons. However, the present analysis is an alternative to performing 
experimental work and provides accurate results that are highly comparable to those obtained 
from experimentation. Furthermore, unlike experimental work, this analysis yields all nine 
independent elements of the C matrix. 
Six different load cases for an RVE subjected to six unique strains were simulated for 
analysis. The stress contours of the RVE for these different load cases are shown in Figure 6.5. 
The maximum stress in all deformation cases occurs at the interface of the fibers, because less 
material is present at the interface. Therefore, the weakest section in the mesostructure is the 
interface, and it is therefore more prone to the initiation of a crack during mechanical loading. 
In all load cases, the interface region of the fibers has higher stress. Furthermore, stress is at a 
maximum for the case of applied strain where 22 0  . Therefore, debonding between the fibers 
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can occur owing to such loading, a phenomenon that could ultimately lead to failure of the 3D 
printed parts. 
Table 6.5. Elastic moduli (Ei and Gij in MPa) for layers of thick-layered parts fabricated with 
ABS material. 
 Homogenization 
(present study) 
Experimental results 
Ref. 
[129] 
Ref. 
[39] 
Ref. 
[130] 
Ref. 
[134] Present study 
1E  2025.1 2030.9 1972 1790 1810 1757.7 
2E  1692.6 1251.6 1762 1150 1695 1587.3 
3E  1713.3 — — — — — 
12G  679.6 410.0 676 808.5 617 612.6 
13G  681.6 — — — — — 
23G  644.9 — — — — — 
12  0.34 0.34 0.37 0.34 0.32 0.35 
13  0.34 — — — — — 
23  0.30 — — — — — 
 
 
(a) 11 22 33 12 13 230.01, , , , , 0        
 
(b) 22 11 33 12 13 230.01, , , , , 0        
 
(c) 33 11 22 12 13 230.01, , , , , 0        
 
(d) 23 11 22 33 12 130.01, , , , , 0        
 
(e) 13 11 22 33 12 230.01, , , , , 0        
 
(f) 12 11 22 33 13 230.01, , , , , 0        
Figure 6.5. Stress contours for six load cases for an RVE from thick-layered parts fabricated 
with ABS material. 
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Now consider the homogenization of an RVE from thin-layered parts fabricated with 
ABS material. The FE model of the RVE for this case is shown in Figure 6.6. The main 
differences in RVEs from a thick-layered part versus a thin-layered part are the size of the fibers 
and the bonding area between adjacent fibers. The bonding area between adjacent fibers in the 
layer of a thin-layered part is larger than that of a thick-layered part, as can be seen in Figure 
6.6. This minimizes void volume in an RVE and improves bonding strength between adjacent 
fibers in thin-layered parts, resulting in better properties. The FE model is simulated for 
homogenization, and the constitutive matrix is then extracted from the results of the simulation. 
The constitutive matrix for this case is presented in Table 6.6. Next, the elastic moduli for the 
thin layer are calculated, as shown in Table 6.7.  
 
Figure 6.6. FE model of an RVE from the layer of thin-layered parts fabricated with ABS 
material. 
 
Table 6.6. Constitutive matrix (Cijkl in MPa) for layers of thin-layered parts fabricated with 
ABS material. 
C 11 22 33 23 13 12 
11 2989.7 1347.8 1226.8 0.0 0.0 0.0 
22 1347.8 2779.8 1184.4 0.0 0.0 0.0 
33 1226.8 1184.4 2423.8 0.0 0.0 0.0 
23 0.0 0.0 0.0 696.6 0.0 0.0 
13 0.0 0.0 0.0 0.0 699.5 0.0 
12 0.0 0.0 0.0 0.0 0.0 755.7 
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Table 6.7. Elastic moduli (Ei and Gij in MPa) for layers of thin-layered parts fabricated with 
ABS material. 
 Numerical Experimental 
1E  2114.4 2023.6 ± 96.8 
2E  1964.7 1637.6 ± 129.1 
3E  1737.0 — 
12G  755.7 744.7 ± 13.9 
13G  699.5 — 
23G  696.6 — 
12  0.34 0.34 
13  0.34 — 
23  0.33 — 
 
The numerical results for thin-layered parts are higher than its corresponding 
experimental values, especially the values for direction 2. The difference between the numerical 
and experimental values is less than 5% overall, but for direction 2 the difference is around 
16%. This is because of the perfect bonding assumption made for the FE model, which is not 
the case in actual printed parts. Furthermore, the numerical values for thin-layered parts are 
higher than those for thick-layered parts because of the differences in their RVEs, as discussed 
earlier.  
6.3.2 FE model of an RVE from parts fabricated with ABS-SCF material 
Let us now consider an RVE from thick-layered parts fabricated with ABS-SCF 
material. The FE RVE model is prepared according to the procedure described in section 6.2.2. 
The positions of the SCF reinforcements were taken from the imported file, and the SCF 
reinforcements were modeled with diameter of 7.5 µm and varying in length 10 to 70 µm. The 
percentage of SCF material in the RVE was confirmed to be ~10.60%. The dimensions of the 
RVE are Δx1 = 80 µm, Δx2 = 470 µm, and Δx3 = 310 µm. The dimension Δx1 is the printing 
direction and aligns with the orientation of the SCF reinforcements. This dimension is set to be 
twice the mean length of the SCF reinforcements, meaning that the RVE can accommodate at 
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least two complete SCF reinforcements in that direction. During micro-CT scanning of the 
thick-layered parts, the mesostructure of the parts were found to have irregularly shaped 
enclosed voids within the extruded fibers. Further, the orientation of SCFs present near the 
enclosed voids was not perfectly aligned with the orientation of the fiber (printing direction).  
These features of the mesostructure were not considered in the FE model of the RVE for this 
case. 
The final FE model of an RVE from thick-layered parts is shown in Figure 6.7. The 
black color represents SCFs, with their position shown in Figure 6.7a, and the blue color 
represents the ABS matrix. The RVE has around 2.8 million FEs and around 0.5 million nodes. 
FE meshing is done in such a way that the nodes of elements on opposite boundary surfaces of 
the RVE are suitable for periodic boundary conditions. The linear material properties (Table 
6.3) are then considered for analysis. The FE RVE model is simulated for homogenization, and 
the simulation results are used to calculate the constitutive matrix for the layers of thick-layered 
parts fabricated with ABS-SCF material. The stress contours for six different deformation 
modes of an RVE are shown in Figure 6.8.  
 
(a) 
 
(b) 
Figure 6.7. FE model of an RVE from a thick-layered part fabricated with ABS-SCF: (a) 
SCFs in the RVE; (b) FE model of RVE. 
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The constitutive matrix for the layers of thick-layered parts fabricated with ABS-SCF 
material is presented in Table 6.8. The elastic moduli for layers were calculated from the 
constitutive matrix using eq. 6.11, and the results are presented in Table 6.9. The numerical 
results from the present study for thick-layered parts fabricated with ABS-SCF are comparable 
to the experimental results taken from chapter 4. The homogenization values are higher than 
the experimental values. The difference between the numerical and experimental values varies 
from 30% to 47%; the greatest difference is observed for direction 1 values. Ideally, the 
experimental values should have been close to the numerical values, but their values are almost 
half of the numerical values. In other words, the material properties obtained from the 
experiments are inferior, mainly because defects exist in the printed test coupons. Such a 
discrepancy in the results is caused by the presence of enclosed voids within the fibers. 
Moreover, misalignment of SCFs in the mesostructure of thick-layered parts is not accounted 
for in the FE model of an RVE. In addition, the FE model of an RVE assumes perfect bonding 
between SCF reinforcements and the ABS matrix, and perfect bonding between adjacent fibers. 
The direction 1 properties are greatly influenced by the enclosed voids that exist at the centre 
of the extruded fibers, leading to a greater difference between the direction 1 experimental and 
numerical values. 
Table 6.8. Constitutive matrix of the layers of thick-layered parts fabricated with ABS-SCF 
material. 
C 11 22 33 23 13 12 
11 6033.6 1401.8 1394.9 0.0 0.1 0.0 
22 1401.8 2902.0 1293.0 0.0 0.0 0.0 
33 1394.9 1293.0 2917.0 0.0 0.0 0.0 
12 0.0 0.0 0.0 819.5 0.0 0.0 
13 0.0 0.0 0.0 0.0 905.2 0.0 
23 0.0 0.0 0.0 0.0 0.0 897.3 
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Table 6.9. Elastic moduli (Ei and Gij in MPa) of the layers of thick-layered parts fabricated 
with ABS-SCF material. 
 Numerical Experimental 
E1 5102.9 2684.2 ± 98.5 
E2 2214.4 1545.7 ± 9.1 
E3 2230.1 — 
G23 819.5 — 
G13 905.2 — 
G12 897.3 624.7 ± 7.1 
ν12 0.34 0.34 ± 0.02 
ν13 0.33 — 
ν23 0.37 — 
 
 
 
(a) 11 22 33 12 13 230.01, , , , , 0        
 
(b) 22 11 33 12 13 230.01, , , , , 0        
 
(c) 33 11 22 12 13 230.01, , , , , 0        
 
(d) 23 11 22 33 12 130.01, , , , , 0        
 
(e) 13 11 22 33 12 230.01, , , , , 0        
 
(f) 12 11 22 33 13 230.01, , , , , 0        
Figure 6.8. Stress contours for six load cases for an RVE from a thick-layered part fabricated 
with ABS-SCF material. 
Now consider the homogenization of an RVE from the mesostructure of thin-layered 
parts fabricated with ABS-SCF material. The FE RVE model is prepared according to the 
procedure described in section 6.2.2. The data for the SCF reinforcements was obtained from 
the micro-CT scanner, and the SCF reinforcements were modeled with lengths of 10 to 60 µm 
and a diameter of 7.5 µm. The percentage of SCF material in the RVE was confirmed to be 
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~10.30%. The dimensions of the RVE are Δx1 = 64 µm, Δx2 = 235 µm, and Δx3 = 155 µm. The 
dimension Δx1 of RVE is the printing direction and aligns with the orientation of the SCF 
reinforcements. This dimension is set to be twice the mean length of the SCF reinforcements, 
meaning that the RVE can accommodate at least two complete SCF reinforcements in that 
direction. The fibers of thin-layered parts have smaller enclosed voids, but their percent volume 
is minimal compared with that of thick-layered parts, and therefore their presence can be 
ignored in the FE model of an RVE for this case. The RVE is then modeled with linear 
tetrahedron FEs in Altair HyperMesh.  
The resulting FE model for an RVE is shown in Figure 6.9. The black material in the 
RVE is SCF material, and the blue material is ABS. The linear material properties of ABS and 
SCF material (Table 6.3) are then considered for analysis. The RVE has around 1 million FEs 
and 0.2 million nodes. FE modeling of the RVE is done in such a way that the model meets 
periodic boundary conditions. The FE model of the RVE is simulated for homogenization, and 
the constitutive matrix is then calculated using the simulation results. The constitutive matrix 
for the layers from thin-layered parts is presented in Table 6.10. The elastic moduli are also 
calculated from the constitutive matrix for the layers from thin-layered parts, and the results are 
presented in Table 6.11. 
 
100 
 
 
(a) 
 
(b) 
Figure 6.9. FE model of an RVE from a thin-layered part fabricated with ABS-SCF: (a) SCFs 
in the RVE; (b) FE model of the RVE. 
 
Table 6.10. Constitutive matrix of the layers of thin-layered parts fabricated with ABS-SCF 
material. 
C 11 22 33 23 13 12 
11 6439.2 1425.9 1355.0 0.0 0.0 0.0 
22 1425.9 3054.8 1268.5 0.0 0.0 0.0 
33 1355.0 1268.5 2837.8 0.0 0.0 0.0 
12 0.0 0.0 0.0 823.5 0.0 0.0 
13 0.0 0.0 0.0 0.0 892.9 0.0 
23 0.0 0.0 0.0 0.0 0.0 930.8 
 
Table 6.11. Elastic moduli (Ei and Gij in MPa) of the layers of thin-layered parts fabricated 
with ABS-SCF material. 
 Numerical Experimental 
E1 5521.7 4120.4 ± 72.4 
E2 2371.7 1654.3 ± 90.2 
E3 2210.3 — 
G23 823.5 — 
G13 892.9 — 
G12 930.8 770.0 ± 21.6 
ν12 0.33 0.32 ± 0.05 
ν13 0.33 — 
ν23 0.38 — 
The difference between the numerical and experimental results for this FE model is 
relatively lower when compared to results of previous model. The percent difference is greater 
for direction 2 properties. This is contrary to the results for thick-layered parts, which have a 
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greater difference in direction 1 properties. This discrepancy is caused by the thin-layered parts 
not being significantly influenced by the enclosed voids. The numerical values are higher than 
the experimental values because of the assumptions made in the FE model of the RVE. The 
perfect bonding between adjacent fibers as well as the bonding between the reinforcements and 
the matrix is not completely true in the actual 3D printed parts. Further, distribution of the SCF 
reinforcements across the cross-section of the fiber may not be uniform. Contrary to the 
numerical values for parts fabricated with ABS material, the values of the properties of the 
layers of thin-layered parts are lower than those of thick-layered parts fabricated with ABS-
SCF material. This discrepancy is owing to the difference in the lengths of SCFs in the RVEs.  
In summary, numerical homogenization can be used to estimate the final material 
properties of 3D printed parts. Further, the mesostructure, which results from the printing 
strategy, can be used in material modeling to estimate the final material properties. The final 
material properties can then be employed in the design and analysis of parts to be manufactured 
using 3D printing.  
6.4 Conclusions 
This chapter addressed the computation of the overall constitutive matrix of the material 
making up the layers of printed parts with either isotropic (ABS) or composite (ABS-SCF) 
material. The numerical homogenization method was employed to calculate the constitutive 
matrix from their mesostructure. The material behaviour of the layers of 3D printed parts is 
orthotropic. Accordingly, the orthotropic constitutive matrix for the layers is calculated and the 
elastic moduli for the layers are then determined. First, the numerical homogenization method 
was used to compute the constitutive matrix of thick-layered and thin-layered parts fabricated 
with ABS material based on their mesostructures. Following that, the mesostructures were used 
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to determine the constitutive matrix of thick-layered and thin-layered parts fabricated with 
ABS-SCF material. A summary of the findings are as follows: 
 The method used in this chapter predicted values of elastic moduli that were higher than 
the experimental values for the layers of parts fabricated with ABS material. This is 
because of the assumptions made in the FE model of the RVEs. However, the difference 
in the numerical and experimental values was not significant. Furthermore, maximum 
stress in the RVEs of parts fabricated with ABS material was at the interface of adjacent 
fibers in all deformation modes. This means that the interface region is the weakest part 
of the mesostructure and is thus more prone to the initiation of crack formation during 
loading. 
 For composite printed parts, the estimated elastic moduli obtained using 
homogenization were higher than the experimental values for the layers of thick-layered 
parts. The experimental values were lower owing to the presence of enclosed voids 
inside the fibers of the layers and also misalignment of reinforcements in the fibers. 
Such defects were not accounted for in the FE model of the RVE for thick-layered parts. 
This means that the material properties of the actual thick-layered composite printed 
parts are inferior, and that the properties can be improved by eliminating defects that 
exist in the fibers of thick-layered parts. On the other hand, such defects were minimal 
in the mesostructure of thin-layered composite parts. Therefore, the numerical 
homogenization method accurately estimates the elastic moduli for thin-layered parts, 
yielding results that are comparable to those obtained experimentally. 
 Contrary to the experimental results for composite parts, the properties of thick-layered 
composite parts were in the same order of thin-layered composite parts. The 
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experimental values for thick-layered parts are inferior because of the defects present in 
the parts. Furthermore, the longer SCF reinforcements in thick-layered parts resulted in 
better properties relative to those of thin-layered parts.  
 The procedure described for linear computational material modeling of 3D printed parts 
fabricated with either isotropic or composite material eliminates the need for 
experimental work to determine the overall material properties of printed parts. This 
method is also useful for tailoring the material properties of printed parts. 
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Chapter 7 Damage Modeling of 3D Printed Parts 
Summary: In this chapter, the computational models for nonlinear material modeling of 3D 
printed laminates made of isotropic (ABS) and composite (ABS-SCF) material are discussed. 
Damage modeling of printed parts subjected to mechanical loads is carried out, and the results 
generated are then compared with those derived from experimental work.   
7.1 Introduction 
The materials of printed structures fail when the load on them exceeds the design limit. 
Material failures vary at different scales in printed parts, especially in parts fabricated with 
composite material. The strength of traditional composite laminates has typically been assessed 
using classical first-ply failure models. However, strength- and safety-oriented design is a more 
difficult proposition. A more realistic approach to failure is crucial to the effective design of 
parts for 3D printing, since printing strategy influences the mesostructure of the parts during 
the printing process. Internal failures at the mesoscale lead to the ultimate failure of printed 
parts, and therefore material modeling at the mesoscale is needed to assess the material failure 
behaviour of the parts. Material modeling can be achieved using continuum multiscale damage 
models [162–165], a topic that has not yet been explored for 3D printed parts and is therefore 
addressed here.  
Multiscale models [158,166,167] are useful for estimating the final properties and failure 
mechanism of printed parts. The micromechanical modeling of printed parts employs the 
mesostructure that is built during 3D printing. The main steps in micromechanical modeling 
are elastic homogenization, definition of the damage criteria, and damage progression law. The 
micromechanical model for homogenization and damage analysis of printed parts results in the 
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following data set. First, an effective/final constitutive matrix is produced using the 
homogenization technique. Then, the damage limit design strain is defined — it is the strain at 
which the first damaged elements are found using user-defined damage initiation criteria, with 
the corresponding load on the part referred to as the damage limit load. Finally, the damage 
progression law — it is the damage development in the material of printed parts subjected to 
an increase in load. Damage progression reduces the load-carrying ability of the material 
because the global stiffness matrix components are reduced in the damaged material. The 
previous chapter dealt with linear material modeling, using elastic homogenization to calculate 
the effective constitutive matrix of the material of printed parts. This chapter focuses on 
nonlinear material modeling of printed parts.  
In this work, 3D printed laminates subjected to uniaxial tensile loading are considered 
for computational damage modeling. Laminates printed with either ABS or ABS-SCF material 
are considered for damage analysis. First, this chapter describes the continuum damage 
mechanics for the materials of the printed parts. Then, an isotropic damage model with 
plasticity law is presented for damage analysis of the printed parts. Finally, FE models of RVEs 
of the printed parts are simulated for damage analysis.   
7.2 Damage modeling of printed parts 
In ply-level failure theories, also known as macro- or laminate failure theories, a 
laminate is said to have failed when the first ply fails, but this is not the case in practice. The 
main assumption in these failure theories is that an individual lamina is made of homogeneous, 
orthotropic material. Local failure within a lamina occurs before the final failure of the 
laminate. First-ply failure theories include the maximum stress criterion, maximum strain 
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criterion, Tsai–Wu criterion, and Tsai–Hill criterion, among others. Ply failure criteria analyze 
failure in one of two ways: sudden failure and progressive failure [168–170]. 
In sudden ply failure theories, for a given load, the stresses in a lamina at a Gauss point 
are calculated using classical laminate theories, and these stresses are used to determine the 
maximum failure index of the laminate (the maximum failure index is obtained from the 
maximum stress of all Gauss points of all laminas). If the failure criterion is met in any lamina, 
then the laminate is said to have failed. This theory describes sudden failure without any prior 
intimation about failure of the laminate.  
In progressive ply failure theories, for a given load, the stresses in a lamina are 
calculated using classical laminate theories, and the user-chosen failure criteria are verified. If 
a failure criterion is met, then the stiffness properties of the lamina at the failed location are 
degraded according to a user-defined failure degradation model. The degraded stiffness matrix 
is reflected in the global stiffness matrix of the laminate, and the same procedure is repeated at 
the same load until no further Gauss points fail (i.e., checking the equilibrium). If there are no 
failed Gauss points, then the model applies an increment in the load. The load is increased 
gradually, and the procedure is repeated until ultimate failure of the laminate occurs. The final 
failure is a failure of a laminate that cannot take any more load.  
Although the ply failure criteria are adequate for describing failure behaviour at the 
macro level, they do not represent the complex failure phenomena that occur at the micro level 
of composite structural parts. Since the composite material of printed parts is microscopically 
heterogeneous, these complex failure phenomena take place at the micro level of the material. 
Damage occurs locally within the microstructure prior to the final failure of the laminate. These 
local, microscopic failures are also referred to as damage. The main damage modes in the 
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composite materials are fiber breaking, matrix cracking, and fiber or matrix debonding. Besides 
these micro-level failure modes, there is also a macro failure mode in the form of delamination 
(opening between the layers of a laminate). 
In this work, the only type of damage that printed parts fabricated with isotropic material 
have experienced is breakage of extruded fibers and debonding between adjacent extruded 
fibers. In addition, debonding between the SCF reinforcements and the matrix occurred for 
parts printed with composite material. Continuum damage mechanics concepts are useful for 
analyzing local failures in the composite materials of 3D printed parts. Continuum damage 
mechanics deal with damage initiation and damage accumulation in the fibers and matrix of a 
composite material. Damage development with an increase in load is called damage 
accumulation. An analysis based on these concepts reveals damage initiation and accumulation, 
which is useful for better understanding the behaviour of the material of printed parts for given 
load cases. When an applied load on a material exceeds the design load, then damage initiation 
and propagation occurs. Moreover, the material will start degrading progressively, which can 
be measured through the decrease in strength and stiffness of the material. This decrease in 
strength and stiffness can be measured using continuum damage mechanics concepts [171]. In 
this work, we consider plasticity law for accounting hardening behavior and an isotropic 
damage model for damage of the printed parts subjected to a load, because the base materials 
of the printed parts are isotropic. 
108 
 
 
 
(a) (b) 
Figure 7.1. Uniaxial loading of an isotropic material: (a) a bar subjected to tensile loading; (b) 
stress–strain curve of the bar. 
Let us consider the classical uniaxial damage theory to introduce basic concepts and to 
understand the basis of damage mechanics. Consider a bar made of isotropic material with 
property E0 and subjected to tensile load P, as shown in Figure 7.1. The material is damaged to 
a certain degree, resulting in the degradation of the material property from E0 to E . The 
nominal stress, σ, of that bar is defined as the force per unit initial area of the cross-section of 
the bar. The constitutive relation that defines this scenario in damage configuration is given as 
E             (7.1) 
The damaged part can be represented as an undamaged part using an effective stress–strain 
relation. The effective stress,  , is defined as the force per unit effective area, and the 
constitutive relation in nominal (initial) configuration is given as  
0E            (7.2) 
The nominal stress invokes the Cauchy equations of equilibrium on the macroscopic 
level, while the effective stress is the “actual” stress acting in the material’s microstructure. The 
principle of strain equivalence states that the strain   in the undamaged part is equal to the 
strain   in the damaged part, i.e.,    , using this that the relation between nominal stress and 
the stress in damaged configuration is given as  
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0E
E
            (7.3) 
/ (1 )d              (7.4) 
where d is the damage variable, given as  
0
1
E
d
E
            (7.5) 
Then, the constitutive law for the nominal stress,  , can be written as 
0(1 )d E             (7.6) 
The damage evolution for the uniaxial model can be characterized by the damage variable, 
which in turn is a function of the applied strain 
( ) , 0 1d g d            (7.7) 
The evolution law function, g, affects the shape of the stress–strain diagram, which can 
be identified from a uniaxial test. To account for the previous state of the material, let us 
introduce the internal variable r, which characterizes the maximum strain level reached in the 
previous history of the material up to a given time t 
 0( ) max ,max ( )
t
r t r

 

         (7.8) 
Equation 7.8 implies that 0( )r t r , where 0r  is  the damage threshold and a material parameter 
that represents the value of strain at which damage starts. Time, t, is a monotonically increasing 
parameter governing the loading process. The damage evolution law, eq. 7.7, is then rewritten 
in the form 
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0 ( ) 1
g r if r r
d g r
g r if r r
 
 
  
      (7.9) 
Equation 7.9 is not only valid for monotonic loading (0–1) but also during unloading and 
reloading (1–2) (see Figure 7.2). Further, this damage evolution law also considers the loading 
history, which is reflected by including the value of the internal state variable r.  
  
Figure 7.2. Stress–strain graph for uniaxial damage model through a non-monotonic loading 
process. 
 
The constitutive law (eq. 7.6) can be rewritten in the form  
secE            (7.10) 
where Esec is the damaged modulus of elasticity 
0
sec (1 )E d E           (7.11) 
Furthermore, instead of defining the variable r, as was done in eq. 7.8, we can introduce a 
loading function f  as follows 
( , )f r r             (7.12) 
To ensure that the damage accumulation can take place only on the damage surface, let 
us postulate the loading–unloading conditions in Kuhn–Tuker form as 
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0; 0; 0f r rf           (7.13) 
In the above equation, the first condition indicates that r can never be smaller than  , while the 
second condition means that r cannot decrease. The final condition ensures that r can grow only 
if the current values of ε and r are equal.  
The previous series of equations is useful for the damage modeling of material. At this 
point, we can summarize the three main components of the uniaxial damage theory as 
 The stress–strain relation secE  , with
0
sec (1 )E d E  . This provides the material’s 
stiffness degradation with damage variable d. 
 The damage evolution law 0
0
( ) 0
( ) with
0 ( ) 1
g r if r r
d g r
g r if r r
 
 
  
. The evolution law 
defines the rate of damage in the material. 
 The damage criterion, which defines the state of the material, and consists of 
o The loading function, ( , )f r r   , which specifies the elastic domain
 | ( , ) 0r f r    , the set of states for which damage does not grow.  
o The loading–unloading conditions, 0; 0; 0f r rf   . 
7.2.1 Isotropic damage and plasticity  
Now let us see the extension of the uniaxial isotropic damage model to the multiaxial 
stress state along with plasticity law. In the isotropic damage model, stiffness degradation is 
isotropic. This means that the stiffness moduli corresponding to different directions decrease 
proportionally, independently of the direction of loading.  
The damage constitutive tensor is expressed as  
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sec (1 )C Cd            (7.14) 
where C is the elastic constitutive tensor of the material and d is the damage variable. Csec is 
the secant constitutive tensor that relates the total strain ε to the total stress σ 
sec : (1 ) : ( )σ C ε C ε ε
pd            (7.15) 
Equation 7.15 can also be written in the form 
(1 )σ σ  d            (7.16) 
Equation 7.16 is the multidimensional generalization of eq. 7.4, where   is the effective stress 
tensor, defined as follows 
:σ C ε           (7.17) 
Damage criterion: Similar to the uniaxial case, let us consider a loading function, f, 
specifying the elastic domain and the states at which damage grows. The loading function now 
depends on the strain tensor ε and the variable r controlling the evolution of the elastic domain. 
The term f(ε,r) < 0 represents the elastic domain and is below the current damage threshold. 
Damage can grow only if the current state reaches the boundary of the elastic domain, i.e. when 
f(ε,r) = 0. Essentially, we can postulate the damage criterion for a multiaxial isotropic damage 
model with the loading function 
eq( , ) ( )f r r              (7.18) 
and the loading–unloading conditions 
0; 0; 0  f r rf          (7.19) 
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where εeq is equivalent strain, i.e. a scalar measure of the strain level, and r is the largest value 
of the equivalent strain calculated in the previous deformation history of the material up to its 
current state. In this regard, the equation can now be generalized as follows  
0 eq( ) max ,max ( )
t
r t r

 

 
  
 
         (7.20) 
In this case, the equivalent strain is as follows 
3
3
1
eq i
i
 

            (7.21) 
where εi for i =1 to 3 are the principal strains. 
Plasticity hardening law: The plasticity law for rate independent behavior during the 
deformation is considered. It is assumed that the material is non-viscous and follows isothermal 
plastic behavior. The rate independent hardening behavior can be seen in Figure 7.3a. The 
evolution law can be written as 
 0( ) ( ) 1 exp( )h K K H              (7.22) 
For isotropic hardening that the function can be written as 
0( ) ( )K K h             (7.23) 
Damage evolution law: There are several damage governing laws, g(r), that can be 
effectively used to model damage growth in the materials. In this work, we employed the 
bilinear law for evolution of damage and Figure 7.3b presents the bilinear law. The damage 
variable (d) for these cases is given as  
114 
 
0
0 1
max
1
max
0
( ) .
r
a
d g r b d r
r
d r

 

 

 
     
 
 
       (7.24) 
where
0
1 0
1
; ;
1 1
a b a 
 
  

  
  
(a) (b) 
Figure 7.3. Nonlinear material models (a) hardening model and (b) bilinear damage law. 
 
7.3 Results and Discussion 
The nonlinear material behaviour of parts fabricated with either isotropic (ABS) or 
composite (ABS-SCF) material was characterized using an isotropic damage and plasticity 
model. The damage analysis was carried out using HyperWorks, a commercial FE software. 
The FE models of RVEs of printed parts that were constructed in chapter 6 were employed in 
this section for nonlinear material modeling. However, experimental characterization revealed 
that it was the ABS material only that was responsible for the nonlinearity. Therefore, in this 
work, ABS material alone is accounted for nonlinearity in the damage modeling. The material 
(CF) of the reinforcements is considered to remain elastic during deformation.  
Two different sets of nonlinear data were used for damage modeling of printed parts. In 
first case, nonlinear properties of bulk ABS material were considered for the damage modeling 
of RVE models and the results of damage model based on such properties are denoted with 
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‘DM–Bulk’. In second case, nonlinear data from the tensile test results of unidirectional 
laminates (UDL) was employed in the damage modeling to capture the actual nonlinear 
behavior of the printed parts. The results with this damage model are represented with ‘DM–
UDL’. The nonlinear data of the unidirectional laminate layup-1 and layup-5 data were used 
for the extruded fibers and the interface of the adjacent fibers, respectively in the RVE models. 
For instance, nonlinear properties for damage modeling of thick-layered parts printed with ABS 
material are taken from the test data of thick-layered layup-1 and layup-5 laminates of the same 
material. This allows to accurately replicate the nonlinear behavior of the extruded fibers and 
the interface of the fibers in the damage modeling of the printed parts. Finite element RVE 
models for above two different cases are shown in Figure 7.4 for the thick-layered parts printed 
with ABS material. The nonlinear parameters were obtained from stress-strain data of bulk 
ABS material and are listed in Table 7.1. Also, the material properties of the SCF 
reinforcements are provided in Table 7.2. 
Table 7.1. Material properties of bulk ABS for damage modeling. 
Property Value 
E, in MPa 2230 
v  0.34 
Y , in MPa 30 
U , in MPa 40 
  200 
H  -100 
0p  0.07 
1p  0.10 
mean  36 
1J  0.10 
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Table 7.2. Material properties of SCF reinforcements for damage modeling. 
Property Value 
E1, in GPa 225 
E2, in GPa 15 
G12, in GPa 15 
G23, in GPa 7 
ν12 0.02 
 
 
 
Figure 7.4. RVE models for thick-layered parts printed with ABS material, (a) FE model for 
damage modeling with bulk ABS material (DM-Bulk), (b) FE model for damage 
modeling with unidirectional laminate test data (DM-UDL). 
 
Bidirectionally printed parts (layup 6 and layup 7) subjected to tensile loading were 
considered for damage modeling. Laminate layup 6 represents a cross-ply laminate, and layup 
7 an angle-ply laminate. Thick-layered and thin-layered parts fabricated with ABS material 
were considered first. Next, thick-layered and thin-layered parts fabricated with composite 
material were simulated for damage modeling. The damage analysis of the printed parts follows 
the work flow of damage modeling described earlier.  
Let us now consider the damage modeling of bidirectionally printed layup 6 and layup 
7 made with ABS material. The stress–strain curve obtained from damage modeling is 
compared with experimental work. Figure 7.5 compares these two sets of results for a thick-
(b) (a) 
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layered part and a thin-layered part, respectively. Furthermore, the damage analysis results are 
compared with the results of the Tsai–Hill failure criterion and also with the experimental 
values (taken from chapter 4), as shown in Table 7.3. 
 
Figure 7.5. Stress–strain relation for cross-ply laminate (layup 6) fabricated with ABS 
material for a (a) thick-layered laminate and (b) thin-layered laminate. 
 
Table 7.3. Comparison of damage modeling and Tsai–Hill failure criteria results with 
experimental work for laminate layup 6 fabricated with ABS material and subjected to 
uniaxial tensile loading.  
 Experimental  CLT and  
Tsai–Hill 
Multiscale modeling 
DM-Bulk DM-UDL 
Thick-layered laminate    
Ex, in MPa 1783.9 ± 2.7 1673.0 1865.7 1751.1 
Ut, in MPa 29.7 ± 0.7 25.2 34.5 33.3 
εt 0.0367 ± 0.0135 0.0135 0.09 0.07 
Thin-layered laminate    
Ex, in MPa 1953.8± 55.8 1832.4 2040.8 1922.3 
Ut, in MPa 35.7 ± 0.6 30.3 37.7 36.0 
εt 0.0498 ±0.0004 0.0143 0.09 0.075 
 
The stress–strain curves obtained from damage modeling of thick-layered and thin-
layered laminate layup 7 are shown in Figures 7.6a and 7.6b, respectively. These stress–strain 
curves are compared with those obtained from experimental work. Also, the properties of 
laminate layup 7, namely stiffness (Ex), strength (Ut), and strain to failure (εt), were extracted 
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from the stress–strain curve obtained using damage modeling and then compared with both 
experimental values and also laminate theory results, as shown in Table 7.4.  
 
Figure 7.6. Stress–strain relation for angle-ply laminate (layup 7) fabricated with ABS 
material for a (a) thick-layered laminate and (b) thin-layered laminate. 
 
 
Table 7.4. Comparison of damage modeling and Tsai–Hill failure criteria results with 
experimental work for laminate layup 7 fabricated with ABS material and subjected to 
uniaxial tensile loading. 
 Experimental  CLT and  
Tsai–Hill 
Multiscale modeling 
DM-Bulk DM-UDL 
Thick-layered laminate    
Ex, in MPa 1728.7 ± 16.4 1645.6 1810.2 1720.2 
Ut, in MPa 28.0 ± 1.3 25.5 35.4 33.8 
εt 0.0435 ±0.0049 0.0143 0.09 0.069 
Thin-layered laminate    
Ex, in MPa 1911.1 ± 20.9 1885.2 2018.1 1901.1 
Ut, in MPa 32.1 ± 0.7 31.8 37.7 36.0 
εt 0.0592 ±0.0081 0.0158 0.09 0.075 
 
The damage modeling simulation values are comparable to the values obtained from 
experimental work for parts printed with ABS material. The results based on DM-Bulk are 
higher than the experimental. However, the actual nonlinear behavior of the printed parts is 
predicted by DM-UDL, which used tensile test data of unidirectional laminates. The 
phenomenological failure theory, that is first-ply failure theory (Tsai–Hill failure criterion), 
under predicted the values compared with the results of damage modeling. As mentioned 
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earlier, the failure criterion employs properties that were calculated from the results of uniaxial 
tensile laminates. The damage model predicted higher values, because of the assumptions made 
in the FE models of the RVEs. Moreover, damage modeling employs the results of numerical 
homogenization as well as the nonlinear properties of the virgin material. Therefore, the values 
resulting from damage modeling are higher than those from the Tsai–Hill failure criterion and 
experimental work.  
Now let us consider the damage modeling of bidirectional laminates fabricated with 
ABS-SCF material. Tensile test results of ABS-SCF parts revealed that the nonlinearity in these 
parts is attributable by ABS material only. Therefore, it is the nonlinear behaviour of ABS alone 
that is considered for damage modeling, while the material behaviour of the SCF 
reinforcements remains linear during deformation. Further, the previously discussed damage 
models were employed for the ABS-SCF printed parts. In addition, the FE models of the RVEs 
for thick-layered and thin-layered parts fabricated with ABS-SCF material were considered 
here for damage modeling. The FE models of the RVEs were simulated for damage modeling. 
The stress–strain curves based on the damage modeling of laminate layup 6 were then compared 
with the results of experimental work (Figure 7.7). Further, the damage model estimated 
properties of laminate layup 6 were compared with the results of both the experimental work 
and laminate theory results, as shown in Table 7.5. Similarly, the results of the damage analysis 
of laminate layup 7 are presented in Figure 7.8 and Table 7.6. 
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Figure 7.7. Stress–strain relation for laminate (layup 6) fabricated with ABS-SCF material for 
a (a) thick-layered laminate and (b) thin-layered laminate. 
 
Table 7.5. Comparison of damage modeling and Tsai–Hill failure criteria results with 
experimental work for laminate layup 6 fabricated with ABS-SCF material and subjected 
to uniaxial tensile loading.  
 Experimental  CLT and  
Tsai–Hill 
Multiscale modeling 
DM-Bulk DM-UDL 
Thick-layered laminate    
Ex, in MPa 2863.9 ± 78.7 2125.9 3704.2 2974.5 
Ut, in MPa 23.5 ± 0.5 26.0 61.6 33.6 
εt 0.0158 ±0.0006 0.0097 0.05 0.022 
Thin-layered laminate    
Ex, in MPa 3311.0 ± 43.1 2909.9 4189.5 4101.5 
Ut, in MPa 31.3 ± 0.4 37.8 68.7 40.4 
εt 0.0214 ±0.0006 0.0096 0.045 0.024 
 
 
 
Figure 7.8. Stress–strain relation for laminate (layup 7) fabricated with ABS-SCF material for 
a (a) thick-layered laminate and (b) thin-layered laminate. 
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Table 7.6. Comparison of damage modeling and Tsai–Hill failure criteria results with 
experimental work for laminate layup 7 fabricated with ABS-SCF material and subjected 
to uniaxial tensile loading.  
 Experimental  CLT and  
Tsai–Hill 
Multiscale modeling 
DM-Bulk DM-UDL 
Thick-layered laminate    
Ex, in MPa 2094.6 ± 43.5 1733.3 2594.0 2053.9 
Ut, in MPa 21.7 ± 0.5 22.7 43.52 24.3 
εt 0.0243 ±0.0011 0.0105 0.07 0.028 
Thin-layered laminate    
Ex, in MPa 2330.6 ± 2.1 2150.5 2713.1 2453.3 
Ut, in MPa 27.7 ± 0.4 31.1 44.0 29.1 
εt 0.0373 ±0.0013 0.0105 0.063 0.036 
 
The comparison of the stress–strain curves obtained from the experimental work and 
the damage modeling for parts fabricated with ABS-SCF material reveals that the damage 
model based on bulk material properties (DM-Bulk) predicts higher values. The difference 
between them for nonlinear properties such as strength and strain to failure is ~50%. This means 
that the selected damage model does not represent the actual damage phenomena that occurred 
in parts fabricated with ABS-SCF material. One of the main reasons for this discrepancy is that 
the debonding between the SCF reinforcements and the ABS matrix is not represented in the 
damage model. Other reasons are the assumptions made in the FE models of the RVEs. The FE 
models assume perfect bonding between the extruded fibers, uniform length and perfect 
orientation of SCFs, and perfect bonding between the SCF reinforcements and the matrix. The 
stress–strain curves from the experimental work initially show a linear region that follows 
hardening behaviour, and then the parts fail suddenly. Hardening behaviour in these parts is 
due to the presence of SCF reinforcements. Nonlinearity arises when bonding between the SCFs 
and the matrix starts failing during deformation. Furthermore, sudden failure follows the 
hardening behaviour because of the presence of enclosed voids. During deformation, the 
enclosed voids start to coalesce, resulting in a lager discontinuity in the material. This leads to 
122 
 
sudden failure of the parts. The actual damage phenomena in the composite parts fabricated 
with ABS-SCF material can be achieved by considering tensile test data of unidirectional 
laminates. The damage model (DM-UDL) considered the test results of the unidirectional 
laminates and the results based on this damage model replicate the actual nonlinear behavior of 
the printed parts.  
7.4 Conclusions 
The present work addressed computational damage modeling of 3D printed laminates 
subjected to uniaxial tensile loading. Damage analysis was carried out by considering a 
continuum damage model for isotropic materials, as the base materials used for printing the 
parts were isotropic. The computational damage results were then compared with experimental 
work to validate the computational procedure adopted in this chapter. The main observations 
made in this chapter are as follows: 
 The material behaviour of printed parts fabricated with only ABS material displays 
initial linear behaviour followed by nonlinear softening behaviour, and then the parts 
fail suddenly. This behaviour is modeled with an isotropic damage model with plasticity 
law in the present analysis. The computational damage results are comparable to the 
experimental results. The damage model predicted values that are higher than those 
obtained using both the first-ply failure criterion and experimental work. The damage 
model that employed test data of unidirectional laminates accurately predicted the 
nonlinear material behaviour of printed parts fabricated with ABS material. 
 In the damage modeling of the parts fabricated with ABS-SCF material, the nonlinearity 
in these parts is mainly attributable to ABS material. Therefore, the nonlinear behaviour 
of the ABS material was considered in the damage models. However, the material of 
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the SCF reinforcements remains elastic during deformation. The damage model (DM-
Bulk) predicted values that were higher than the experimental values. These results 
mean that the damage model does not represent the actual material behaviour of ABS-
SCF printed parts. The actual nonlinear material behavior of the parts was achieved by 
considering the nonlinear test data of unidirectional laminates in the damage model 
(DM-UDL).  
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Chapter 8 Conclusions and Future Work 
Summary: This chapter outlines the statement of the problem, objective of the study, and 
contributions of this work to the field. Furthermore, a brief description of areas that deserve 
further exploration in future work is presented.  
8.1 Statement of the problem 
Despite the many benefits of additive manufacturing (AM), anisotropy in the material 
properties of the resulting 3D printed parts is of primary concern. Anisotropy in the material 
properties is the result of variation introduced into the mesostructure of a part during the 3D 
printing process. Moreover, our understanding of the process–structure–property relationship 
is currently limited for printed parts. The effective design and analysis of models for 3D printing 
calls for an investigation at different scales of the material in order to better understand the 
behaviour of the printed parts. Composite parts fabricated via the material extrusion AM 
method have wide industrial applications for functional usage. Such structural parts need 
reliable design despite concerns about anisotropy being introduced during the 3D printing 
process. Therefore, computational models need to be explored to enable the reliable design of 
models for 3D printing.  
8.2 Objectives 
The investigation of the anisotropic material behaviour of 3D printed parts centred on the 
following four objectives: 
i. Investigate the material behaviour of printed parts by conducting mechanical testing; 
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ii. Characterize the mechanical behaviour of printed parts using material mechanics based 
on experimental data, and then investigate the failure behaviour of printed parts; 
iii. Characterize the mesostructure of 3D printed parts using microscopy and a micro-CT 
scanner, and investigate the influence of microstructural features on the final properties 
of printed parts; and 
iv. Enable effective design and analysis of structural parts by developing computational 
micromechanical models for the material modeling of 3D printed parts.  
8.3 General conclusions  
8.3.1 Investigation of material behaviour of printed parts using mechanical testing 
The results of the mechanical tests on printed test coupons revealed their material 
behaviour under tensile and flexural loads. The material behaviour of the parts is governed by 
their mesostructure, which is produced during the 3D printing process. This means that the 
microstructural aspects of printed parts influence the final material properties. In general, the 
behaviour of the printed parts resembles that of traditional composite laminates.  
8.3.2 Characterization of mechanical behaviour of printed parts using laminate 
mechanics 
Since the behaviour of printed parts is similar to that of traditional laminates, laminate 
mechanics can be employed to characterize the mechanical behaviour of printed parts. The 
orthotropic constitutive behaviour of the layers of printed parts was established using laminate 
mechanics. Laminate theories more accurately predict the mechanical behaviour of printed 
parts fabricated with only isotropic polymeric material than the behaviour of printed parts 
fabricated with composite material.   
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8.3.3 Characterization of the microstructure of printed composite parts 
The microstructure of composite printed parts was characterized by conducting a 
morphological study using a micro-CT scanner. The constituents of the microstructure, namely 
the size, shape, and distribution of short carbon fiber (SCF) reinforcements as well as their 
percentage by volume, influenced the final material properties of the printed parts. Continuous 
voids were found at the interface of the layers of the printed parts. In addition, irregularly shaped 
enclosed voids were found in the extruded filaments of thick-layered but not thin-layered 
composite parts. Further, the enclosed voids disturbed the orientation of SCF reinforcements in 
thick-layered composite parts. Layer thickness of the printed parts also influenced the length 
distribution of the SCF reinforcements. Such differences between the thick-layered and thin-
layered composite parts led to discrepant results. 
8.3.4 Computational micromechanical model for material modeling of printed parts 
The microstructure of printed parts was considered in finite element (FE) models for 
material modeling. The overall constitutive matrix of the printed parts was estimated using the 
numerical homogenization technique. Furthermore, the material nonlinear behaviour of the 
printed parts was investigated using damage models. The material behaviour of the printed parts 
based on the computational models was then validated with experimental findings. The 
computational models accurately predicted the behaviour of printed parts. The computational 
models minimize time-consuming and tedious experimental work and will be instrumental in 
the effective design and analysis of models for 3D printing.  
8.3.5 Case study from appendix 
The build orientation of a model influences the final material properties of printed parts. 
Investigation of an L-bracket structure using a computational model revealed that the material 
127 
 
disposition strategy influenced the constitutive material behaviour of the members of the 
structural part.  
8.4 Thesis contributions 
The main contributions of this work are as follows: 
(i) The behaviour of 3D printed parts is similar to that of laminate structures, and thus 
printed parts can be treated as printed laminates.  
(ii) Mesostructural aspects of 3D printed parts govern the final material properties of 
the parts, and hence the mesostructure can be tailored to achieve the desired final 
properties.   
(iii) Laminate mechanics can be employed in the characterization of the mechanical 
behaviour of 3D printed parts as well as in the preliminary design of models for 3D 
printing.  
(iv) Computational methodology can be employed to estimate the constitutive matrix of 
3D printed parts and also to conduct damage modeling of the parts. This minimizes 
the experimental work required and also provides freedom in the design and analysis 
of models for 3D printing.  
(v) The process–structure–property relationship has been established for printed parts. 
To account the material behavior of parts, the constitutive matrix of materials is 
considered during design and analysis of structures. The final constitutive matrix of 
materials of printed parts is different from its initial material due to change in 
mesostructure while 3D printing. Therefore, the final constitutive matrix need to be 
estimated for effective design and analysis of structures. The present multiscale 
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computational models can estimate the effective constitutive matrix by considering 
mesostructure and its base material properties. Then, the estimated effective final 
properties can be used during design and FEA of structures subjecting to mechanical 
loads. Furthermore, the computational model can be used to carryout the damage 
analysis of structures subjecting to mechanical loads. An application of this work is 
discussed in Appendix A. 
8.5 Future work 
The following areas merit further investigation: 
(i) Development of a printing process that eliminates the voids in 3D printed parts to 
improve their structural integrity; 
(ii) Development of computational models that account for bonding between the layers 
of 3D printed parts; and 
(iii) Exploration of a computational methodology for 3D printed parts fabricated with 
different materials.  
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Appendix A  Homogenization of a 3D-Printed L-
Bracket: Application 
Summary: This work investigates the influence of build orientation of a model on the final 
material properties. An L-bracket structure is considered for investigation. The variation in 
build orientation of a model also results in anisotropy in the final printed part. To accurately 
capture the mechanical behaviour of the material of the final printed part, the final constitutive 
matrix of the material should be employed in the stress analysis of the parts. The constitutive 
matrix of the material needs to be estimated to accurately capture the mechanical behaviour of 
the parts. This work focuses on the linear constitutive material modeling of models with 
different orientations. The constitutive material modeling of the printed parts is done using the 
numerical homogenization procedure presented in chapter 6. This section investigates the 
influence of layer deposition on the material behaviour of parts fabricated with different 
structural orientations.  
A.1 Introduction     
A structural part can be 3D printed in any orientation, with the build orientation of a 
part being chosen by the user while generating the G-code for printing. The material deposition 
strategy is generated by the slicer tool based on the orientation of the part on the substrate of 
the printer; furthermore, material deposition also influences the properties of the part [128]. 
Orthotropic material behaviour has been assessed by conducting experiments on parts built in 
different orientations [69,70]. The build time for printing and also surface quality depend on 
the build orientation of the part [71,72]. Experimental work [42,46,64–66,69–72,138] reveals 
the significance of build orientation and raster angle on the properties of printed parts. 
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Computational work [73–75] on the material behaviour of printed parts has been limited, and 
further exploration is required using multiscale models. Also not yet accounted for is the effect 
of build orientation in the calculation of the constitutive matrix and in the use of laminate theory 
to characterize the mechanical behaviour of printed parts [39,129,130]. From these previous 
works it is evident that build orientation influences the material properties of printed parts. 
Therefore, variation in the material behaviour due to build orientation should be considered in 
the characterization of the mechanical behaviour of parts using laminate theory. Another 
unexplored research area is the computation of the stiffness matrix for the material of printed 
parts to account for build orientations using numerical multiscale models. The present chapter 
addresses the computation of the constitutive matrix by considering the build orientation of 
parts using numerical homogenization. 
The first step in this analysis is an examination of the effect of build orientation of a 
part on its mechanical properties. This is followed by an explanation of how the deposition 
strategy in different parts of the L-bracket introduces anisotropy in the material properties of 
the structure. Laminate theory is used to characterize the material behaviour of the layers 
deposited along the thickness of the geometry of the part. Then, the orthotropic material 
behaviour of layers deposited across the thickness of the geometry of a part is characterized 
because the build orientation of the part does not allow the use of laminate modeling. The 
computation of the mechanical properties of the material of the final printed part using the 
numerical homogenization method is then explained. Finally, the influence of build orientation 
on the constitutive material behaviour of differently oriented parts of the L-bracket is 
investigated.  
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A.2 Effect of build orientation on the material behaviour of printed parts 
The material deposition strategy employed in fused filament fabrication (FFF) (Figure 
A.1) can be defined by the user during generation of the G-code in slicer software. Printed parts 
resemble laminate structures, and thus the material behaviour of the laminate depends on the 
constituents’ properties and stacking sequence of the laminae. Similarly, the material behaviour 
of a printed part depends on fiber orientation in the layers, the stacking sequence of layers, and 
build orientation [124,138]. Laminate modeling can account for the effects of fiber orientation 
and stacking sequence of the layers in a 3D printed part. However, the effect of build orientation 
of the part on its material behaviour cannot be accounted for using laminate theory. The 
influence of build orientation on the material properties of 3D printed parts is therefore 
extensively discussed here. 
A three-dimensional part can be oriented on different surfaces of the part on the 
substrate of the printer. For example, a rectangular plate of having thickness (t) can be oriented 
in three different ways as shown in Figure A.1. In the first case (Figure A.1a), surface A–B–C–
D of the plate is lying on the substrate, which is commonly known as orienting the part on the 
flat surface. The other two options are the edge and upright orientations, where the plate is 
oriented on surface C–D–E–F and surface B–C–F–G, respectively (Figures A.1b and A.1c).  
Experimental work has been done on the influence of build orientation on the 
mechanical properties of printed parts [69,70]. Although the number of layers deposited in each 
of the three orientations of the rectangular plate is different, the material deposition strategy is 
the same (Figure A.1). The layers of a 3D printed part exhibit lamina material behaviour owing 
to fiber orientation and layer-by-layer deposition. Previous experimental works have confirmed 
that the material behaviour of a printed part is also influenced by its build orientation. 
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Consequently, the behaviour of parts built in each of the three different orientations would also 
be different, since the deposition of layers is not the same. In the flat orientation case, the layers 
are deposited along the thickness of the plate, whereas in the edge and upright orientations, the 
layers are deposited along the width (W) and length (L), respectively, of the plate (Figure A.1). 
The mid-surface of the plate in the thickness direction is used in the laminate modeling of parts 
to characterize their behaviour using laminate plate theories. Laminate plate theory can be used 
to characterize the mechanical behaviour of a printed part when the layers are deposited only 
in the thickness direction. That means laminate theory can only capture the actual mechanical 
behaviour of the first case (flat orientation), since the layers are deposited in the thickness 
direction. The layers are not deposited in the direction of the mid-surface in the other two cases 
(edge and upright orientations) (Figures A.1b and A.1c). Therefore, the mechanical behaviour 
of these cases cannot be captured using laminate modeling.  
Since the constitutive material behaviour of printed parts depends on build orientation, 
the actual constitutive material behaviour of parts built in different orientations must be 
determined to account for the final material behaviour in stress analysis. The material behaviour 
of parts built in the edge or upright position would be similar, since the layers are deposited 
across the thickness of the part in both cases. A detailed discussion on the effect of build 
orientation on the mechanical properties of printed parts is presented in the following sections. 
In particular, this work addresses the constitutive material modeling of printed parts with 
different build orientations and also characterization of the material behaviour of the printed 
parts during the stress analysis. 
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Figure A.1. Build orientation of a rectangular plate in three different directions: (a) flat, (b) 
edge, and (c) upright. 
The 3D printed structures used in real applications will have more than one simple 
geometric shape. For that reason, let us consider an L-bracket structure for 3D printing via FFF, 
as shown in Figure A.2. The L-bracket consists of two different parts: a horizontal plate and a 
vertical plate. The horizontal plate lies in the x–y plane, and the vertical plate in the y–z plane. 
Let us consider the case where the L-bracket is printed on the substrate of the printer, as shown 
in Figure A.2a. As a result, the build orientation of the two different parts — the horizontal 
plate and the vertical plate — of the L-bracket is different, and therefore their material 
behaviour will be different.  
To understand the reason for the difference in the material behaviour of the two parts, 
consider that the horizontal plate is built in a flat orientation and the vertical plate is built 
upright. However, it is the mid-surface of the bracket in the thickness direction of the plates 
that is used for laminate modeling in the finite element (FE) stress analysis of the structure. 
Laminate modeling can capture the constitutive material behaviour of the horizontal plate but 
not the vertical plate. As mentioned earlier, the behaviour of the vertical plate cannot be 
characterized using laminate modeling because the layers in the vertical plate are not deposited 
along the thickness of the final part. Instead, the layers are deposited across the thickness of the 
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vertical plate. As a result, the layers in the vertical plate are not aligned with its mid-surface 
(Figure A.2b), and thus laminate modeling cannot capture the actual material behaviour of the 
vertical plate.  
Since laminate modeling is not applicable in this case, another approach must be 
adopted to accurately model the material behaviour of the 3D-printed L-bracket. Experimental 
work [65,69,70,138] shows that printed parts built in the upright orientation exhibit orthotropic 
material behaviour. Therefore, the constitutive material behaviour of an orthotropic material 
can be used to characterize the mechanical behaviour of such cases. The constitutive matrix 
defines the constitutive material behaviour of printed parts, and therefore the constitutive matrix 
of printed parts built in different orientations can be computed based on their mesostructure 
using the homogenization technique described in chapter 6. The mesostructure of the horizontal 
and vertical plates of the L-bracket, as shown in Figure A.2b, is now considered for numerical 
homogenization of the material.  
Figure A.2. L-bracket on the substrate of a 3D printer: (a) mid-surface; (b) layers and 
mesostructure of vertical and horizontal plates. 
A.3 Constitutive material behaviour of printed parts 
Let us consider the constitutive behaviour of the two plates of the 3D-printed L-bracket 
to account for their material behaviour in the FE stress analysis. The layers in the horizontal 
(a) (b) 
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plate are thin and behave like an orthotropic material. Therefore, an orthotropic constitutive 
relation for the plane stress case is considered. In turn, the horizontal plate can be treated as a 
laminated plate, and therefore classical laminate theory can be employed to account for its 
material behaviour in the analysis of the plate, as explained in chapter 4.  
The constitutive relation for an orthotropic material is given as 
11 12 1311 11
12 22 2322 22
13 23 3333 33
4423 23
5513 13
6612 12
0 0 0
0 0 0
0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
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, in matrix form       C  (A.1) 
where 
ijC  are the elements of the constitutive matrix C with Voigt notation. The strain–stress 
relation for an orthotropic material is obtained by inverting eq. A.1 as follows: 
      S           (A.2) 
where S is the compliance matrix and the coefficients of the matrix are  
13 2312
11 12 13 22 23 33 44 55 66
1 2 1 2 2 3 23 13 12
1 1 1 1 1 1
, , , , , , , ,S S S S S S S S S
E E E E E E G G G
 
            (A.3) 
The coordinate system 1, 2, and 3 is a lamina (local) coordinate system; axis 1 is along 
the fiber, axis 2 is transverse to the fiber, and axis 3 is normal to the 1–2 plane, i.e. the axis goes 
along the thickness of the layer. The coefficients Cij of the C matrix for an orthotropic material 
are obtained by inverting the S matrix. The elastic constants required to describe an orthotropic 
material are as follows: Young’s moduli, 1 2 3, ,E E E , for a layer along axes 1, 2, and 3, 
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respectively; shear moduli 12 13 23, ,G G G ; and Poisson’s ratios 12 13 23, ,   . Also, the relation 
i ji j ijE E   (no sum on i and j) for i,j=1,2,3 and i j  holds for orthotropic materials. For a 
transversely isotropic material, the elastic moduli in the lateral and transverse directions are the 
same. 
Each layer is a thin plate, and therefore the layer is considered as a plane stress problem 
in the analysis. The strain–stress relation for a lamina under a plane stress case is obtained from 
eq. A.2 by setting 33 23 130, 0, 0     , which is written as 
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12 66 12
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        (A.4) 
The coefficients of compliance matrix S are available in eq. A.3. The plane stress 
reduced constitutive relation for an orthotropic material is obtained by inverting eq. A.4. The 
constitutive relation of a thin orthotropic layer is given as 
11 11 12 11
22 12 22 22
12 66 12
0
0
0 0
Q Q
Q Q
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where 
ijQ  are the coefficients of the plane stress reduced stiffness matrix Q , given by 
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11 22 12 12 21 11 22 12 12 21
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Note that the reduced stiffness matrix’s components involve only four independent material 
constants, 1 2 12, ,E E  , and 12G . The global coordinate system (x, y, z) for a laminate plate and 
local coordinate system (1, 2, 3) for a lamina are now considered.  
The strain in the laminate from classical laminate theory is written as  
0
0
0
xx xx xx
yy yy yy
xy xy xy
k
z k
k
 
 
 
    
    
      
     
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 ,       0 z k        (A.7) 
where 
0
xx  and 
0
yy  are mid-plane strains in the laminate; 
0
xy  is the mid-plane shear strain in 
the laminate; xxk  and yyk  are bending curvatures in the laminate; xyk  is the twisting curvature 
in the laminate; and z is the distance from the mid-plane in the thickness direction.  
The constitutive relation for a laminate is written as 
       Q           (A.8) 
where ijQ  are the transformed material constants. The elements of ijQ are then given as 
    
1 T
T T
 
   Q Q
          (A.9) 
where  T  is a transformation matrix [130]. Equation A.8 is the constitutive relation for the 
horizontal plate based on laminate modeling and is useful to account for constitutive material 
behaviour in the stress analysis. 
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Now consider the constitutive material behaviour of the vertical plate of the L-bracket, 
which is printed in the upright orientation. The build orientation of this plate is different from 
that of the horizontal plate, and therefore the material behaviour is not same as that of a 
horizontal plate. As discussed earlier, the layer deposition is not in the direction of the thickness. 
Therefore, the constitutive relation of the laminate (eq. A.8) cannot be applied to the vertical 
plate. Also, the plane-stress assumption for the constitutive relation doe not hold true for the 
vertical plate, as the thin layers are not aligned with the mid-surface of the plate. However, the 
printed plate in the upright orientation displays orthotropic material behaviour, and therefore 
an orthotropic constitutive relation (eq. A.1) can be used in the stress analysis. The stiffness 
values in the constitutive matrix of the orthotropic material are unknown and are therefore 
computed to account for the material behaviour in the stress analysis of the part. The numerical 
homogenization procedure can be used to compute the stiffness values of the constitutive matrix 
of the printed part. The following section covers the constitutive material modeling of the 
horizontal and vertical plates of the L-bracket using the homogenization technique.  
A.3.1 Homogenization for printed parts 
The representative volume elements (RVEs) of the horizontal and vertical plates 
(Figures A.3a and A.3b) are taken from the mesostructure of the plates (Figure A.2b). The RVE 
of the horizontal plate is taken from only a single layer of the plate (marked region “a” in Figure 
A.2b), and then the constitutive matrix of the layer can be computed using homogenization. 
The homogenization procedure presented in chapter 6 is adopted here to calculate the 
constitutive matrix. Then, the matrix is used in the constitutive relation of the laminate to 
characterize the material behaviour of the horizontal plate. As we know, laminate theory cannot 
be applied for the vertical plate, and therefore the RVE of the vertical plate cannot be taken 
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from a single layer. The RVE of the vertical plate, marked region “b” in the mesostructure of 
the plate (Figure A.2b), represents the fibers of the three adjacent layers. Then, homogenization 
is employed to calculate the effective constitutive matrix of the printed vertical plate. 
 
(a) 
 
(b) 
Figure A.3. RVE of the printed plates in the L-bracket: (a) horizontal plate; (b) vertical plate. 
 
A.4 Results and Discussion 
This section presents the constitutive material modeling of the plates of the 3D-printed 
L-bracket. Let us take the L-bracket fabricated via FFF with the following process parameters: 
lines infill pattern; 100% infill density; raster angle 0° and 90° to the x-axis; layer thickness 
0.317 mm; and 10% overlap between adjacent fibers. The raster angle represents the printing 
direction of fibers in the layers; in the present case, the fibers in subsequent layers are 
perpendicular to each other. These process parameters define the size and orientation of the 
fibers in the mesostructure of the printed part. Consider that the thickness of the plates of the 
L-bracket is 3.85 mm. The cross-sectional shape of the fiber after deposition of the material is 
elliptical [15,57]. The length of its major axis is approximately double the length of the minor 
axis, and the length of the minor axis is equal to the layer thickness. It is assumed in this analysis 
that bonding between the fibers and layers is perfect.  
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The filament material considered in the analysis is ABS. The isotropic material 
properties of ABS [129] are E = 2230 MPa and 0.34  . The RVE is taken from the 
mesostructure of the plates, with its size and shape depending on the process parameters and 
build orientation of the plates. The RVE is defined in the local coordinate system x1, x2, and x3, 
whose axes are aligned in the direction of the length, width, and thickness of the plates, 
respectively. The three-dimensional continuum eight-node hexahedron FEs, C3D8, are used in 
the FE modeling of the RVEs. FE modeling is done in Altair HyperMesh, and homogenization 
is then done using Abaqus (Dassault Systemes). The RVE is subjected to six different strains, 
applied individually using periodic boundary conditions. That means six different load cases 
are prepared for six unique strains to determine the unknown elements in the constitutive matrix 
C. The strains applied to the RVE in the present analysis are 11 22 33, , 0.01     and
12 13 23, , 0.005    . 
Now, consider homogenization of the horizontal plate of the 3D printed structure. The 
dimensions of the RVE are Δx1= 0.20 mm, Δx2= 0.48 mm, and Δx3= 0.31 mm. The FE model 
is shown in Figure A.4. The FE simulation for homogenization of the material was then carried 
out, and the unknown elements of the orthotropic constitutive matrix were calculated. The 
elements of the constitutive matrix are presented in Table A.1. 
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Figure A.4. FE model of an RVE from the horizontal plate of an L-bracket. 
 
Table A.1. Constitutive matrix (Cijkl, in MPa) for the material of the 3D-printed horizontal 
plate of an L-bracket. 
C 11 22 33 23 13 12 
11 2802.7 1136.6 1150.2 0.0 0.0 0.0 
22 1136.6 2299.4 1043.5 0.0 0.0 0.0 
33 1150.2 1043.5 2339.6 0.0 0.0 0.0 
23 0.0 0.0 0.0 637.8 0.0 0.0 
13 0.0 0.0 0.0 0.0 678.0 0.0 
12 0.0 0.0 0.0 0.0 0.0 674.3 
The elastic moduli of an orthotropic material can be calculated from the constitutive 
matrix using eq. A.3. The elastic moduli for the 3D-printed horizontal plate are provided in 
Table A.2. The stress contours in the RVE for six different deformation modes are similar to 
the earlier case outlined in the previous chapter. The interface between the adjacent fibers of a 
layer is the weakest region and is subjected to maximum stress. The interface is therefore more 
prone to the initiation of cracks in all six deformation modes.  
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Table A.2. Elastic moduli (Ei and Gij in MPa) for the material of the 3D-printed horizontal 
plate of an L-bracket. 
Material property Value 
1E  
2025.1 
2E  
1660.2 
3E  
1686.4 
12G  
674.3 
13G  
678.0 
23G  
637.8 
12  0.34 
13  0.34 
23  0.30 
 
The material behaviour of the horizontal plate is characterized using the constitutive 
relation of the laminate, eq. A.8. It accounts for the effect of printing direction and layer 
thickness for the constitutive material behaviour of a printed part. The thickness of the 
horizontal plate is 3.85 mm, and the layers in that plate are 0.317 mm thick. Therefore, the plate 
would consist of 12 layers of equal thickness. The stacking sequence of the layers with a defined 
raster angle in the horizontal plate is therefore [0°/90°]6. The horizontal plate behaves like a 
laminate, and therefore the constitutive relation for a laminate can be used to characterize the 
mechanical behaviour of the plate using classical laminate theory, as described in chapter 4. 
Next, let us consider numerical homogenization for the constitutive material modeling 
of the 3D-printed vertical plate of the L-bracket. The build orientation of this plate is upright, 
while the horizontal plate is flat. As explained earlier, build orientation influences the 
mechanical properties of printed parts. Consider that the thickness of this plate is the same as 
that of horizontal plate, 3.85 mm. The RVE of the plate is taken from the mesostructure of the 
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vertical plate (Figure A.5). This figure shows different lengths of dimension Δx3 of the RVE 
from the mesostructure of the vertical plate. 
 
Figure A.5. RVE of the vertical plate of an L-bracket: (a) Δx3 equals the thickness, t, of the 
plate; (b) Δx3 equals 0.125t. 
 
Let us consider the RVE shown in Figure A.5b. This RVE consists of the fibers of three 
adjacent layers, which are oriented perpendicular to each other. Its architecture is different from 
the RVE of the horizontal plate, which represents only a single layer. Since the layers of the 
plate do not act as laminae, laminate theory could not be employed for this plate, as explained 
earlier. The RVE represents the direction of the fibers in the subsequent layers and their 
thickness. Further, it accounts for the effect of build orientation of the layers of the plate. The 
dimensions of the RVE are Δx1 = 0.48 mm, Δx2 = 0.62 mm, and Δx3 = 0.48 mm. The FE model 
of the RVE (Figure A.5b) was simulated for six different load cases. Then the unknown 
elements of the orthotropic constitutive matrix were calculated, with the results presented in 
Table A.3.  
Table A.3. Constitutive matrix (Cijkl, in MPa) of the 3D-printed vertical plate of an L-bracket 
(for an RVE with dimension Δx3 = 0.125t). 
C 11 22 33 23 13 12 
11 2290.3 684.6 627.8 0.0 0.0 0.0 
22 684.6 1589.7 508.1 0.0 0.0 0.0 
33 627.8 508.1 1456.1 0.0 0.0 0.0 
23 0.0 0.0 0.0 491.1 0.0 0.0 
13 0.0 0.0 0.0 0.0 538.0 0.0 
12 0.0 0.0 0.0 0.0 0.0 561.6 
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The stress contours and the deformation modes of the RVE subjected to six unique 
strains are shown in Figure A.6. In all deformation modes, the maximum stress is at the interface 
of the fibers. The deformation mode of the case where 
22 0   is more prone to a crack initiating 
at the interface of the fibers, because this is the case with the highest stress. The RVE of the 
horizontal plate is taken from a single layer, and therefore the dimension Δx3 of the RVE is 
equal to the thickness of the layer. However, for the RVE of the vertical plate, the dimension 
Δx3 in the thickness direction affects the constitutive matrix of the plate, and its influence is 
investigated in the following work. Different sizes of RVE, such as Δx3 = 0.25t, 0.50t, and t, as 
seen in Figure A.6a, were taken from the vertical plate for the investigation. Then, FE models 
of the RVE were simulated for different load cases. The computed constitutive matrix for these 
different load cases is presented in Tables A.4, A.5, and A.6. Furthermore, to study its influence 
on thicker plates, simulations were also performed for the case where Δx3 = 2t, which yielded 
the same results as the previous case (Δx3 = t). 
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(a) 
11 22 33 12 13 230.01, , , , , 0        
 
(b) 
22 11 33 12 13 230.01, , , , , 0        
 
(c) 
33 11 22 12 13 230.01, , , , , 0        
 
(d) 
12 11 22 33 13 230.005, , , , , 0        
 
(e) 13 11 22 33 12 230.005, , , , , 0        
 
(f) 23 11 22 33 12 130.005, , , , , 0        
Figure A.6. Stress contours in the RVE with dimension Δx3 = 0.125t of the vertical plate of an 
L-bracket subjected to different strains. 
Table A.4. Constitutive matrix (Cijkl, in MPa) of the vertical plate of an L-bracket (for an RVE 
with dimension Δx3 = 0.25t). 
C 11 22 33 23 13 12 
11 2337.2 717.9 742.6 0.0 0.0 0.0 
22 717.9 1617.9 593.5 0.0 0.0 0.0 
33 742.6 593.5 1745.2 0.0 0.0 0.0 
23 0.0 0.0 0.0 526.0 0.0 0.0 
13 0.0 0.0 0.0 0.0 600.8 0.0 
12 0.0 0.0 0.0 0.0 0.0 562.7 
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Table A.5. Constitutive matrix (Cijkl, in MPa) of the vertical plate of an L-bracket (for an RVE 
with dimension Δx3 = 0.5t). 
C 11 22 33 23 13 12 
11 2383.5 751.0 857.4 0.0 0.0 0.0 
22 751.0 1643.8 677.5 0.0 0.0 0.0 
33 857.4 677.5 2033.3 0.0 0.0 0.0 
23 0.0 0.0 0.0 544.2 0.0 0.0 
13 0.0 0.0 0.0 0.0 640.8 0.0 
12 0.0 0.0 0.0 0.0 0.0 563.3 
 
Table A.6. Constitutive matrix (Cijkl, in MPa) of the vertical plate of an L-bracket (for an RVE 
with dimension Δx3 = 1.0t and 2t). 
C 11 22 33 23 13 12 
11 2450.3 799.0 1023.5 0.0 0.0 0.0 
22 799.0 1680.6 798.9 0.0 0.0 0.0 
33 1023.5 798.9 2450.3 0.0 0.0 0.0 
23 0.0 0.0 0.0 563.7 0.0 0.0 
13 0.0 0.0 0.0 0.0 686.7 0.0 
12 0.0 0.0 0.0 0.0 0.0 563.8 
 
The results presented in Tables A.4 through A.6 demonstrate that the values of C1133, 
C2233, C3333, C1313, C2323 in matrix C increase as dimension Δx3 increases. It is clear that the 
stiffness values in direction 3 of the coordinate system for the RVE of the vertical plate are 
influenced by variation in Δx3, until its value is equal to the thickness, t, of the plate. Further 
increase of Δx3 above the thickness of the plate does not affect the constitutive matrix, as seen 
from the elements of matrix C in Table 6 that are the same for Δx3 = t and 2t. The stress contours 
of the RVE with dimension Δx3 = t subjected to different strains are shown in Figure A.7. 
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(a) 
11 22 33 12 13 230.01, , , , , 0        
 
(b) 
22 11 33 12 13 230.01, , , , , 0        
 
(c) 
33 11 22 12 13 230.01, , , , , 0        
 
(d) 
12 11 22 33 13 230.005, , , , , 0        
 
(e) 13 11 22 33 12 230.005, , , , , 0        
 
(f) 23 11 22 33 12 130.005, , , , , 0        
Figure A.7. Stress contours in the RVE with Δx3 = t of the vertical plate subjected to different 
strains. 
The elastic moduli can be calculated using eq. A.3 for the orthotropic constitutive 
matrices presented in Tables A.4 through A.6. Figure A.8 shows variation in the elastic moduli 
of the material of the 3D printed vertical plate for an RVE with different dimensions of Δx3. 
The values of the elastic moduli, namely E3, G13, G23, ν13, and ν23, improved with an increase 
in Δx3 until it equals the thickness of the plate. It is therefore clear that selecting the correct 
value for the dimension Δx3 of an RVE for the homogenization of the material of a plate printed 
in an upright orientation is important for defining the constitutive matrix of the plate. 
Furthermore, the constitutive matrices of the horizontal and vertical plates, presented in Table 
A.1 and Table A.6, are not the same owing to their build orientation in the structure. The 
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constitutive matrix computed for an RVE with dimension Δx3 = t and 2t is a transversely 
isotropic constitutive matrix, where two of E, G, and ν are the same. In all other cases, the 
constitutive matrix is orthotropic. That means the thickness of the plate printed in an upright 
orientation can change the constitutive behaviour of the plate, i.e. from orthotropic to 
transversely isotropic. The constitutive material behaviour of parts fabricated with an edge build 
orientation would be similar to that of parts fabricated with an upright build orientation, since 
the deposition of layers is across the thickness of the part in both cases.  
 
(a) 
 
(b) 
 
(c) 
Figure A.8. Variation in the elastic moduli of the material of the vertical plate of an L-bracket 
for different values of Δx3 for an RVE: (a) E – Δx3, (b) G – Δx3, and (c) ν – Δx3. 
 
Now consider the FE modeling of the 3D-printed L-bracket for stress analysis. A two-
dimensional FE mesh on the mid-surfaces of the plates of the L-bracket, as shown in Figure 
A.9, is useful for stress analysis. The constitutive matrix of the plates need to be considered to 
account for their material behaviour during the analysis. Then the selection of effective 
constitutive matrix of the plates necessitates based on their build orientation and thickness. 
Table A.7 presents the constitutive matrix of the plates of the L-bracket based on their build 
orientation and thickness. 
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Table A.7. Constitutive matrices for the plates of an L-bracket structure (laminate (L), 
orthotropic (O), or transversely isotropic (T) behaviour). 
 Plate orientation 
 Horizontal Vertical 
Build orientation Flat Upright Upright Upright Upright Upright 
t (thickness, in mm) 4 0.5 1.0 2.0 4.0 8.0 
Matrix C Table A1 Table A3 Table A4 Table A5 Table A6 Table A6 
Behaviour L O O O T T 
 
Figure A.9. FE model of an L-bracket structure for stress analysis. 
 
Now let us see another possible build orientation of L-bracket on the substrate of the 
printer. For instance, the L-bracket is oriented on the substrate of the printer as shown in Figure 
A.10a. In this build orientation of the L-bracket, both plates of the bracket are positioned 
vertically, meaning that they are in an upright position for 3D printing. In this orientation, the 
plates of the bracket are built by depositing the layers in an upright position, as shown in Figure 
A.10. Then, the material behaviour of the plates would be similar to that of the vertical in the 
orientation of the L-bracket shown earlier. The FE model of this L-bracket for stress analysis, 
shown in Figure A.10b, uses the constitutive matrix provided in Table A.7 for an upright 
orientation. Therefore, the build orientation of a model on the substrate for 3D printing governs 
the constitutive behaviour of its parts.  
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Figure A.10. L-bracket: (a) upright orientation of the bracket; (b) FE model of the bracket. 
 
A.5 Conclusions 
The constitutive material behaviour of the different parts of a 3D printed structure is not 
the same, as this behaviour depends on the build orientation of the parts. The material behaviour 
of the parts of a structure printed in the flat build orientation can be characterized using a 
laminate constitutive relation during the stress analysis of the structure. However, parts printed 
in an upright or edge build orientation cannot be characterized using laminate theory. The 
material behaviour of parts with an upright or edge build orientation is orthotropic, and 
therefore the constitutive relation for orthotropic material is employed to characterize their 
behaviour during the analysis of the structure.  
Although an isotropic filament material is used to fabricate the structure, the final 
constitutive behaviour of the part is not the same as that of the original filament material. To 
address this problem, a computational procedure for calculating the constitutive matrix of the 
printed parts using numerical homogenization was presented. The constitutive matrix of 
differently oriented parts was computed.  
Furthermore, the influence of build orientation of the parts on their constitutive material 
behaviour was investigated. The computed stiffness values of the constitutive matrix were 
(a) (b) 
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different for the upright and flat build orientations of parts with the same thickness. The 
thickness of a part fabricated in either the upright or edge build orientation was also shown to 
influence its constitutive material behaviour. An increase in the thickness of a part printed in 
either the upright or edge build orientation was found to change their material behaviour from 
orthotropic to transversely isotropic. Therefore, to ensure effective design and analysis of a 3D 
printed structure, it is very important to consider the final constitutive material behaviour of the 
parts making up the structure when they are fabricated with different build orientations. 
